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Chapter 1 - INTRODUCTION 
1.1 Statement of the Problem 
Commotio Cordis (CC) is a deadly phenomenon most commonly observed in youth sports.  It has 
taken the lives of at least 168 young athletes since 1978 (Maron and Estes 2010).  Currently there is no 
standard for testing equipment efficacy against the occurrence of CC.  Studies on a small sample of chest 
protectors have shown that few provide any protection from this unfortunate physiological event 
(Viano, Bir et al. 2000; Weinstock, Maron et al. 2006; Doerer, Haas et al. 2007).   
Commotio cordis has been studied since the 1930’s (Nesbitt, Cooper et al. 2001).  A basic 
understating of critical factors has evolved over time, with significant research being conducted over the 
past 15 years (Maron and Estes 2010).  Research has shown that the impact location, speed, and timing 
are all critical to inducing CC (Madias, Maron et al. 2007).  The phenomenon is now understood well 
enough that it can be induced regularly in a lab environment.   
As researchers continue to understand the pathophysiology of commotio cordis, a means of 
preventing it are also being sought.  Currently the most commonly used surrogate for commotio cordis 
testing is a porcine model (Link and Estes 2007).  This model has proven essential in understanding the 
underlying pathophysiology of commotio cordis.  All of the understanding of commotio cordis is 
important, but the ultimate goal is to prevent its occurrence.  
The commotio cordis registry was created in 1996 (Link and Maron 2005).  This registry provides a 
useful tool to examine reported cases of commotio cordis in the US.  According to the registry, over 95% 
of the cases involve males (Maron and Estes 2010).  People participating in sports, whether organized or 
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recreational, constitute a high percentage (75%) of the case studies (Maron and Estes 2010).   The 
average age of the subjects in the case studies is 15 years old.  These statistics demonstrate why CC is of 
great concern.  It takes the lives of healthy children, often in the presence of an audience during a 
sporting event.  It is a rare event, but is deadly for those affected and shocking for the many that witness 
the event. 
Unfortunately, the currently available protective equipment does not prevent CC.  The CC registry 
has shown that 20% of the cases in competitive sports involved athletes who were wearing protective 
equipment (Maron and Estes 2010). The equipment either did not cover the cardiac silhouette (surface 
area of chest behind which lies the heart) or it did not provide protection.  Studies have also shown that 
equipment does not prove effective in the lab (Viano, Bir et al. 2000; Weinstock, Maron et al. 2006).  
These studies showed that equipment provided little benefit.  In some cases, the equipment actually 
increased the risk of CC (Viano, Bir et al. 2000).  These studies involved porcine specimens and 
surrogates that have not been previously validated for sports thoracic impacts. 
A biomechanical surrogate is needed to test protective equipment for efficacy.  The porcine model is 
a well-documented surrogate, but it is not a viable model for certification testing.  Animal tests are 
expensive, available only to a small group, subject to variability between specimens, and lack an injury 
criterion for CC.  A biomechanical surrogate can be used for thousands of tests and require limited 
maintenance and recalibration.  Animal specimens can only be used for a small number of impact tests.  
They begin to develop soft tissue injuries in the impact area and reach a point where they cannot be 
resuscitated.  This difference in the number of tests these surrogates can endure makes a biomechanical 
surrogate more cost effective.  A biomechanical surrogate would also be available to any test lab 
including researchers, equipment manufacturers, and certification labs.  Animal specimens are only 
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available to a small group of researchers with the expertise and facilities to handle and house them.  A 
biomechanical surrogate could also provide a more repeatable test apparatus and increase the ability to 
find statistical significance.  Even when controlling for specimen size and weight, there is variability 
between the specimens.  This variability between specimens makes achieving statistical significance 
difficult.  One study by Weinstock et al. tested 12 commercially available chest protectors.  This study 
found no statistical significance, but required 20 swine specimens (Weinstock, Maron et al. 2006).  It is 
unknown if the lack of statistical significance was due to specimen-to-specimen variability or if the 
equipment truly did not decrease CC risk.  Another issue that could have limited statistical significance 
was the lack of an injury criterion for CC within the animal surrogate.  The incidence of CC was used to 
compare the equipment and the control.  Each condition only had a maximum of 37 impacts (Weinstock, 
Maron et al. 2006).  This is a limited data set for comparing the percent incidence of CC.  A 
biomechanical surrogate could provide a continuous scale for injury risk.  This would eliminate the 
binary nature of the event, and provide data that is more likely to be statistically significant. 
1.2 Background and Significance 
 Commotio cordis (CC)  is defined as sudden cardiac arrest from a chest impact without any signs 
of physical damage (Bir and Viano 1999).   It is most commonly observed in young athletes competing in 
organized sports (Bir and Viano 1999; Link and Maron 2005), however, it is relatively rare, with only 5-15 
incidences reported per year (Link and Maron 2005).    Commotio cordis claims the lives of 85% of those 
afflicted (Maron, Gohman et al. 2002).  This high percentage makes CC the second leading cause of 
fatalities in youth sports.  The only accepted treatment for CC is the timely use of an Automated External 
Defibrillator (AED).    AED’s have proven effective in reviving people from CC but are not absolute (Link, 
Maron et al. 2002; Link, Maron et al. 2002).  There are reported cases where an AED was used in a 
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timely fashion, but the person could not be revived (Maron, Wentzel et al. 2005).  Preventing CC from 
occurring rather than facilitating treatment is the ultimate goal.  
There has been extensive research conducted in the past 20 years to determine the pathology of CC.  
This research includes multiple studies utilizing a porcine model.  This research has shown there are 
many factors that influence the incidence of CC.  The impact location is specific.  Only impacts within the 
cardiac silhouette have been shown to cause CC (Link, Maron et al. 2001).  The most vulnerable impact 
location is directly over the center of the left ventricle (Link, Maron et al. 2001).  The impact must also 
be timed appropriately with the cardiac cycle to cause CC.  One study showed that CC could not be 
induced outside of a vulnerable portion of the cardiac cycle (Link, Wang et al. 1998).  This time is 15-
30ms before the peak of the T wave (Link, Wang et al. 1998).  These studies are also important in 
understanding what happens in the heart. 
The impacts that cause CC have proven to be the result of ventricular fibrillation (VF).  When an 
impact occurs directly over the left ventricle, it induces an artificial pressure increase at that location.  
This pressure increase can activate potassium channels in the heart.  Opening these channels changes 
the ion concentrations in the left ventricle tissue.  If this happens during the vulnerable portion of the 
cardiac cycle, an unnatural electric state can be created (Link, Wang et al. 1999).  This electrical state can 
result in VF, and often the heart cannot recover.   
Significance 
The ultimate goal of this research is to improve the equipment available to young athletes.  The 
athletic chest protectors available today do not provide protection from CC.  One study showed that 
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there was no reduction for specimens equipped with different baseball and lacrosse protective padding 
(Link, Maron et al. 2003).   
The surrogates available today are not suitable for equipment efficacy testing.  Animals can only 
be used for a small number of tests, and no existing biomechanical surrogate has been validated for 
sports projectile impacts.   A biofidelic surrogate is needed to advance the current testing 
methodologies.   It would provide the means to test equipment on a larger scale.  The ideal surrogate 
would have a similar response to that of humans during chest impacts and provide the ability to assess 
the risk of injury.  It could be used thousands of times without being replaced.  There is currently no 
existing surrogate that has been validated for evaluating sport-related chest impacts.  Surrogates have 
been developed for the automotive industry, but these models are designed and calibrated for impacts 
of lower speed and larger mass than the impacts associated with sports projectile impacts (Kroell, 
Schneider et al. 1971; Kroell, Schneider et al. 1974).  These surrogates have advanced automotive safety 
by providing a test apparatus that is standardized, repeatable, and cost effective. 
A new biomechanical surrogate designed for sports thoracic impacts would provide researchers with 
the same advantages, including the facilitation of a rapid and cost effective means for testing materials 
and equipment.  It would also provide a reproducible test apparatus that could be utilized by 
standardization organizations, such as the National Operating Committee on Standards for Athletic 
Equipment (NOCSAE).  NOCSAE maintains standards for sports equipment used at all levels, from youth 
recreation leagues to professional sports.  A new biomechanical thoracic surrogate could be 
implemented into a standard for CC protection.  These requirements compel equipment manufacturers 
to create equipment with a proven level of efficacy.  The result is better protection and safer 
competition. 
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1.3 Specific Aims 
 The overall goal of this project is to improve the efficacy of lacrosse protective equipment in 
preventing commotio cordis.  This will be accomplished by evaluating injury criteria to identify which 
best correlates to the incidence of VF and CC in thoracic lacrosse ball impacts.  Next, the human 
response to these impacts will be measured.  Human response corridors will be developed that can be 
used to validate a biomechanical surrogate.  The biomechanical surrogate will be based on the human 
response corridors and be capable of measuring the indentified injury criterion.  This surrogate will used 
to evaluate the current level of protection provided by lacrosse equipment. 
 In order to accomplish the objective of this proposal, the following specific aims will be pursued:   
Specific Aim 1: To develop an appropriate injury criterion for the prediction of CC from chest impacts 
induced by blunt sports projectiles using a physiological model.   
Specific Aim 2: To measure the human response to sports-related projectile impacts and create human 
response corridors for these events.   
Specific Aim 3: To validate a biomechanical thoracic model representative of the youth population for 
the evaluation of sports-related projectile impacts.   
Specific Aim 4: To evaluate existing commercially available protective sports equipment utilizing the 
biomechanical thoracic model.   
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Chapter 2 - ANATOMY AND PHYSIOLOGY OF THE HUMAN THORAX 
2.1 Anatomy of Thorax 
The thorax is the superior portion of the trunk.  It contains the heart, lungs, thymus, distal portion of 
the trachea, and nearly the entire esophagus (Moore and Agur 2007).  The thoracic wall is a flexible 
support structure with enough stiffness to protect vital organs and sufficient flexibility to allow for 
repetitive motion.  The motion of the lungs in respiration is assisted by mobility of the thoracic rib cage.  
The ribs also provide a location for muscle attachment for axioappendicular muscles.   
The rib cage consists of 12 pairs of ribs (Moore and Agur 2007).  Within these 12 pair there are 
seven true pairs, three false pairs, and two floating pairs.  The true pairs connect to the sternum 
individually, while the three false pairs connect to the costal cartilage of the lowest true rib before 
connecting to the sternum.  The floating ribs do not have a medial connection.   
The sternum is located on the medial plane on the anterior portion of the thorax (Moore and Agur 
2007).  The anterior medial end of ribs attach on either side of the sternum via costal cartilage.  The 
sternum contains three distinct parts: the manubrium, body, and xiphoid process.  The manubrium is 
the most superior part of the sternum.  It lies between the first two pairs of ribs.  The body of the 
sternum is inferior to the manubrium.  Rib pairs 2-6 connect to the body of the sternum.  Inferior to the 
body is the ziphoid process.  The 7th pair of ribs and the false ribs connect to the ziphoid process.   
The sternum/rib connections are made by costal cartilage.  In children, this cartilage is more flexible 
than in adults.  As people age, these cartilage structures ossify and become stiffer (Moore and Agur 
2007).  The xiphoid process experiences a similar transformation with age.  In children the xiphoid 
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process is cartilage, while in elderly adults it completely ossifies.  The manubriosternal joint and the 
xiphisternal joint also ossify, and the sternum becomes a single rigid structure.  This age-related 
ossification decreases the flexibility of the rib cage (Moore and Agur 2007). 
Many muscles are also attached to the boney structures described.  The muscles of respiration move 
the ribs inferiorly and outwardly to increase lung volume and decrease lung pressure.  These muscles 
include the external intercostals, internal intercostals, and the innermost intercostals (Moore and Agur 
2007).   They are located between the ribs, and do not greatly affect chest wall thickness or chest depth.  
The ribs also serve as muscle attachment points for axioappendicular muscles.  These muscles include 
the pectoralis major and minor and the serratus anterior on the anterior portion of the trunk, and the 
latissumus dorsi and serratus posterior posteriorly.  The pectoralis and lastisumus dorsi muscles can 
contribute significantly to the chest depth of a person.  The pectoralis muscles can significantly increase 
the anterior chest wall thickness.  As a child develops, these muscles increase in mass and thickness.  
Another anatomical feature that affects anterior chest wall thickness is breasts.  Primarily present in 
post-pubescent females, they consist of mammary glands and subcutaneous fat (Moore and Agur 2007).  
They are located in a relatively circular area from the lateral border of the sternum to the mid axillary 
line and between the second and sixth ribs.   
Within the thorax are 3 viscera: the two pulmonary cavities and the mediastinum (Moore and Agur 
2007).  The pulmonary cavities each contain a lung.  The mediastinum is located between these cavities 
and contains the heart, esophagus, and major veins and arteries including the inferior and superior vena 
cava and the aorta.  The mediastinum is a highly mobile viscera that is united by loose connective tissue.  
It is capable of handling changes in pressure, and volume as well as motion.  Within the mediastinum is 
the pericardium.  It is a double-walled fibrous membrane that encloses the heart. 
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Figure 1: Location of Heart in Thorax (Spalteholz and Barker 1943) 
The human heart has four chambers: right atrium, right ventricle, left atrium, and left ventricle.  The 
right side of the heart is the venous side and the left side is the arterial side.  The heart is located 
between the third and fifth ribs behind the medial plane (Moore and Agur 2007).  One third of the heart 
is to the right of the medial plane the remainder is on the left side.  The apex of the heart, which is 
formed by the tip of the left ventricle, points anteriorly to the left just behind the fifth intercostals 
space.   
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Figure 2: Heart (Spalteholz and Barker 1943) 
Blood flows from the inferior and superior vena cava into the right atrium.  From there it travels 
through the tricuspid valve into the right ventricle.  Blood from the right ventricle flows through the 
right pulmonary valve into the pulmonary arteries and into the lungs.  The blood returns to the heart 
through the pulmonary veins and left pulmonary valve into the left atrium.  Between the left atrium and 
the left ventricle is the mitral valve.  Blood exits the heart from the left ventricle through the aortic valve 
into the aorta. 
2.2 Physiology of Cardiac Cycle 
The cardiac cycle can first be divided into two parts: systole and diastole.  Systole is described as the 
time when the ventricles are emptying while diastole is when they are filling.  These two stages can be 
further broken down into four phases shown in Figure 3.  It begins with filling of the ventricle.  Then 
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stage 2 is the isovolumetric contraction.  The third phase is forced ejection, and the final stage is 
isovolumetric relaxation.  These stages can be divided into seven more specific phases when considering 
the atria and ventricles.  These seven phases have corresponding physiological events that mark their 
beginning and end (Klabunde 2005).   
Phase one is described as atrial systole and is marked by the atrial valves opening.  The aortic and 
pulmonary valves are closed throughout the phase.  This phase is also associated with the P wave of the 
ECG which corresponds to the depolarization of the atria.  The atrial contraction pushes blood into the 
ventricles to complete the ventricle filling.  The majority of the blood flows into the ventricles during 
passive flow.  The atrial contraction only accounts for 10% of ventricle volume at rest and 40% during 
exercise (Klabunde 2005).  The end of this phase is marked by the pressure in the ventricles exceeding 
the atrial pressure, which closes the AV valves.  This event is the first audible sound of a heart beat in 
healthy patients.  At this point the ventricle volume is described as end diastolic volume (EDV). 
 
Figure 3: Pressure vs. Volume During Cardiac Cycle (Fuster 2008) 
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The next phase is called isovolumetric contraction.  All of the heart valves are closed during this 
phase, resulting in the volume of the ventricles remaining constant.  This phase corresponds to the QRS 
wave in the ECG signal, which correlates to the ventricles depolarizing (Klabunde 2005).  During this time 
the ventricles are contracting to become less compliant, and increase the pressure in the chamber.  
Although the physical shape of the chamber changes the volume does not change.  The ventricle 
pressure rises the fastest during this time (dP/dT max).  The atrial pressures are also rising during this time 
due to continuous venous flow.  The end of this phase is marked by the opening of the aortic and 
pulmonary valves (Klabunde 2005). 
The third phase is called rapid ejection (Klabunde 2005).  The AV valves are closed during this phase.  
Blood is flowing out of the ventricles at a high rate.  The rate is dependent on the total energy of the 
ventricle blood volume, which includes the kinetic energy and the pressure energy.  This is greatest soon 
after the valve opening.  The ventricles continue to contract during this phase and the volume 
decreases. 
The fourth phase is reduced ejection (Klabunde 2005).  There is no change in the valve status for this 
stage.  It is marked by the ventricle repolarization, which corresponds to the T wave in the ECG signal.  
This is typically 150-200ms after the QRS wave.  The ventricles begin to relax, but the outflow continues 
due to inertial effects.  Atrial pressure continues to increase from venous flow.  The end of this phase is 
marked by the close of the aortic and pulmonary valves.  The valves closing is the second sound of the 
audible heart beat.   
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Phase five is called the isovolumetric relaxation.  All the valves are closed during this phase, which 
again leads to constant volume in the ventricles.  The blood remaining in the ventricle at this point is 
defined as the end systolic volume (ESV), which is typically about 50mL.  Atrial filling continues during 
this phase.  The opening of the AV valves  marks the end of this phase. 
Phase six is called rapid filling.  When the AV valves open, the atria are at their maximum volume.  The 
pressure is much greater in the atria than the ventricles, which results in a large fluid flow.  The rapid 
relaxation of the ventricles during this time can also increase the volume of the ventricle and decrease 
the ventricular pressure.  This can create a diastolic suction.   
Phase seven is called reduced filling phase.  There is no specific event between phases six and seven.  
As the ventricles fill, they become less compliant and their pressure increases.  This decreases the 
pressure gradient and the filling continues at a slower rate. 
2.3 Heart Electrical Conduction 
The heart beat starts in the right atrium at the SA node.  This is where the electrical conduction and 
contraction begin.  It spreads through the atria at a speed of about 0.5 m/s until it reaches the AV node 
at the inferior-posterior region of the interatrial septum (Klabunde 2005).  The AV node slows the 
impulse conduction down to 0.05 m/s.  This allows for a delay between the atrial and ventricular 
contractions.  Without this delay, the ventricles would not fill completely.  From the AV node, the 
impulse travels through the Bundle of His, and into right and left bundle branches.  The impulse begins 
to increase speed in the bundle branches up to 2 m/s.  The bundle branches conduct into Purkinje fibers 
that distribute the contraction to the ventricle tissue at 4 m/s. 
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The heart is a muscle similar in some ways to skeletal muscle.  Many of the cells have a standard 
resting potential of -90 mV.  These cells can maintain their resting potential depending on the ion 
concentrations, permeability, and the utilization of ion pumps (Klabunde 2005).  The cells can also be 
activated by an action potential to quickly change their cell potential and repolarize.  The four ions 
involved in the polarization, depolarization, and repolarization of cardiac muscle are Na+ K+ Cl- and Ca++.   
K+ and Na+ are the key ions involved in maintaining resting potential.  The potential gradient for K+ is 6 
mV and it slowly decreases the cells potential.  Na+ has a much higher gradient of -142 mV, but has 
limited permeability and offsets the potassium gradient (Klabunde 2005).  Small changes in the 
permeability of these ions can be made to adjust the resting potential up or down.  Larger changes in 
cell potential are made through ion channels.  Ion channels create pores specific to an ion in a direction.  
They can quickly change the permeability of an ion into or out of a cell to quickly change the cell 
potential.  There are two types of ion channels, voltage gated and receptor gated.  The voltage gated 
channels open or close depending on the cell’s potential.  Receptor gated channels are changed by a 
chemical or physical stimulus.  
There are two types of action potentials in the heart: pace maker and non-pace maker action 
potentials.  Non-pacemaker action potentials are faster and rely on Na+ ion channels for depolarization 
while pacemaker action potentials relay on Ca++ ion channels for deporalization (Klabunde 2005).  
Pacemaker action potentials also have no specific resting potential.  They do not need to receive an 
action potential to create one while non-pace maker cells do.  Non-pacemaker cells are in the ventricles 
and pacemaker cells are in the SA node and atria (Klabunde 2005). 
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Figure 4: Heart Electrical Conduction (Fuster 2008) 
When an action potential occurs in the ventricles, the Na+ permeability into the cell increases very 
quickly and the cell depolarizes.  After the cell depolarizes, the Ca++ ion channels close.  The 
repolarization of the cell is then driven by the K+ ion channels.  Next the repolarization slows due to Ca++ 
ions moving out of the cell.  Ca++ depolarization occurs at the same time as Na+ depolarization, but it 
reacts much slower.  It turns on and off slower than the Na+ ion channels.  As the Ca++ ion channels begin 
to close, the K+ ion permeability concludes the repolarizing of the cell.  While the cell is depolarized it 
cannot be excited again by a typical action potential.  It takes a suprathreshold depolarization stimulus 
to create another action potential.  These action potentials have a slower rise time and lower amplitude.  
They are called early afterdepolarizations or delayed afterdepolarizations depending on the time in the 
depolarization where they occur.  Both of these can lead to tachycardia, which is a self sustaining action 
potential in the ventricle (Klabunde 2005). 
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In the SA node, where the heart action potential begins, the depolarization is much slower.  The 
depolarization is due to Ca++ ion channels.  These channels move Ca++ slowly into the cell.  The 
repolarization is managed by K+ ions moving out of the cell.  The pace of action potentials in the SA node 
is managed by the autonomic and sympathetic nerve innervations to speed or slow the heat rate 
(Klabunde 2005). 
These electrical changes in the cardiac tissue can be monitored over time using an ECG.  This allows 
the rhythm of the heart rate and electrical conduction to be observed to identify any irregularities.  It 
can be conducted by placing surface electrodes on the skin of a subject.  The electrical changes of atrial 
and ventricle depolarization and repolarization travel through the body and can be measured at the 
skin.  A typical ECG has three distinct peaks.  The first is the P wave which corresponds to SA node and 
atrial depolarization.  The second wave is the QRS complex.  It corresponds to the depolarization of the 
ventricles.  The final peak is the T wave which occurs when the ventricles repolarize.  The time between 
the P wave and the QRS complex is called the P R interval.  Between the QRS complex and the T wave is 
the ST segment.   
2.4 Critical Parameters for Commotio Cordis 
Commotio cordis is most prevalent in male youth sports.  Research has shown that over 90% of 
those afflicted are males and the average age is 13.6 years (Maron, Gohman et al. 2002).  Over 62% of 
victims were also participating in some type of sport, whether recreational or organized (Maron, 
Gohman et al. 2002).  There are several anatomical and physiological factors that make this group most 
susceptible.    
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Chest wall thickness appears to be a factor in susceptibility for commotio cordis.  Young males 
typically do not have well developed pectoralis muscles.  These muscles in adult males can significantly 
increase the chest wall thickness.  The other anatomical feature young males lack is breasts.  Breasts can 
also increase the chest wall thickness significantly in the specific location targeted in commotio cordis.  
Increased chest wall thickness could provide increased energy absorption and dissipation.  A person with 
developed muscles or breasts would have a larger distance between their skin’s surface and the anterior 
wall of their heart.  This could allow the energy to be absorbed over the thickness of the soft tissue.  If 
the soft tissue does not attenuate the energy, it may dissipate the energy over a larger area.  Instead of 
the pressure being concentrated in a small area, there may be a diminished pressure over a larger area. 
Rib cage flexibility may also be a contributing factor in young males’ vulnerability.  As previously 
discussed, the sternum and costal cartilages ossify with age.  As a person gets older, their rib cage 
becomes more rigid.  The increased rigidity may transfer more energy to the skeletal system.  A more 
flexible rib cage may allow energy to transfer directly into the visceral tissues. 
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Chapter 3 - DESCRIPTION OF INJURY MECHANISM 
3.1 Origins of Commotio Cordis Research 
Commotio cordis was defined in textbooks as early as 1857, and there is a record of two case 
reports from the 1870’s (Nesbitt, Cooper et al. 2001).  However, research into this phenomenon did not 
begin until 1932.  Scholmka and Hinrichs showed that chest wall impacts could induce Ventricular 
Fibrillation (VF) and were the first to use the term commotio cordis (Zangwill and Strasburger 2004; 
Geddes and Roeder 2005).  They used rabbit specimens and two hammers to induce VF.  This early work 
provided insight into the contributing factors of CC.  They found that a heavier object was more likely to 
induce VF.  Also, impact location was found to be a factor in CC.  Impacts directly over the heart 
produced changes in ECG, while other areas did not.  They also found that CC was not a vagus response 
by severing the vagus nerves in the specimens prior to impact tests (Geddes and Roeder 2005).  
 Researchers in the 1800’s to early 1900’s thought that commotio cordis was the result of a 
vagus response (Nesbitt, Cooper et al. 2001).  Impacts to the chest could trigger a vagus reaction that 
would slow the heart rate or completely stop it.  Research conducted by Scholmka et al. proved that 
commotio cordis was not related to a vagal response by cutting the vagal nerves in rabbits and inducing 
CC (Geddes and Roeder 2005).  They showed that the heart entered VF rather than simply slowing or 
stopping its rhythm.   
In 1940, Wiggers and Wegria delivered shocks to the ventricles of canine specimens and began to 
define the vulnerable period of the ventricles (Geddes and Roeder 2005).  They applied suprathreshold 
shocks at various times in the cardiac cycle to induce VF.  They found during the T wave, VF can be 
induced with a single ventricular shock.  With the invention of pacemakers, this phenomenon was of 
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critical importance.  During World War II and the decades that followed, there was a lapse in commotio 
cordis research (Nesbitt, Cooper et al. 2001). 
A case report in 1978 by Dickman discussing commotio cordis generated an increase in research 
interest (Geddes and Roeder 2005).  The case report was of a 7 year old male who died during a T-ball 
game from an impact to the chest.  This case report brought commotio cordis into the public eye, but 
the target population had changed.  Children in sports, rather than adults, were the target of CC 
research (Nesbitt, Cooper et al. 2001).  This was the beginning of modern CC research, which studied 
case reports, animal models, biomechanical surrogates, and computer models.  The focus population 
from that point forward was a youth population involved in sports.  
3.2 Pathophysiology 
The vulnerable timing window provided specific constraints necessary for CC.  Researchers know the 
conditions of the heart at this point in the cardiac cycle with respect to pressure, volume, and electrical 
charge.  This time corresponds with reduced ejection.  During this time the ventricles are not contracting 
to create pressure.  The myocardium of the ventricles is relaxed and beginning to repolarize (Kohl, 
Nesbitt et al. 2001).  The volume in the ventricles at this point is slightly above end systolic volume.  
During the time when people are most susceptible to CC, the ventricle volume and pressure are 
unremarkable.  This led researchers to believe that CC is related to the electrophysiology of the 
ventricles during the vulnerable time window (Link, Wang et al. 1998).  The T wave is created by the 
repolarization of the ventricles.  During the vulnerable portion of the cardiac cycle, ventricle 
cardiomyocytes are in various stages of repolarization.  The existence of a heterogeneous eletrophysical 
ventricle state during the vulnerable window led researchers to test the effect of current applied to the 
heart during this time. Researchers found that an electrical current applied to discrete locations of the 
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ventricle during this time can cause the heart to enter VF (Geddes and Roeder 2005).  Geddes et al. 
established current thresholds in large rabbit specimens for inducing VF during ventricle repolarization.   
These studies indicated that CC was related to electrical conduction.  Researchers began to examine 
the relationship between a mechanical stimulus and electrical conduction in the ventricles (Link, Wang 
et al. 1999; Wang, Tsai et al. 2000; Kohl, Nesbitt et al. 2001; Wang, Stevens et al. 2003; Chen, Penny et 
al. 2004; Li, Kohl et al. 2004; Garan, Maron et al. 2005; Alsheikh-Ali, Akelman et al. 2008; Madias, Maron 
et al. 2008).  Research showed that ion channels in cardiac tissue were influenced by physical strain on 
the cells.  In particular, potassium (K+) ion channels increase their open probability when their cell 
membrane is stressed (Kohl, Nesbitt et al. 2001).  These channels also have a reversal potential near the 
resting potential of cardiomyocytes.  One study by Link et al. used Glibenclamide (K+ inhibitor), to test 
the effects these ion channels had on CC.  They found that inhibiting the K+ ion channels significantly 
reduced the incidence of VF (Link, Wang et al. 1999).  The test group only had 4% incidence of VF 
compared to 33% in the control group.  Another study showed that nonselective ion channel inhibitor 
(streptomycin) did not significantly reduce the incidence of VF.   
   These studies relate the mechanical impact to the electrophysical event of VF.  However, more 
research was needed to better understand the electromechanical phenomenon.  CC studies have shown 
that impactor speed, location, and stiffness all affect the incidence of VF.  These factors all influence the 
degree of localized strain applied to cardiac tissue (Madias, Maron et al. 2007).  An increase in strain will 
increase the open probability for K+ ion channels.  This has a different effect on cells depending on what 
electrical charge they have.  Cells in the early stages of repolarization will have prolonged repolarization 
times.  Cells that are in late repolarization or that have completed repolarization could experience an 
ectopic action potential (Kohl, Nesbitt et al. 2001).  Depending on when this action potential occurs, the 
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event is an early afterdepolarization or a delayed afterdepolarization (Figure 5).   During the vulnerable 
time many of the ventricle cardiomyocytes have repolarized, while others are in various stages of 
repolarization.  When the ventricle is subjected to an artificial stress during this time the cardiomyocytes 
depolarize.  The depolarization is slow and heterogeneous (Bode, Franz et al. 2006).  The locations that 
begin depolarization first depolarize the fastest, and later depolarizations have longer durations.  This 
creates a slow cascade of depolarizations which leads to VF (Link 2006).  This event appears to raise the 
electrophysiological heterogeneity beyond the tolerance of the heart.  This is not the endpoint of 
understanding the pathophysiology of CC. 
 
Figure 5: Example of Afterdepolarization and Delayed Afterdepolarizations (Klabunde 2005) 
Research continues in an effort to better understand and describe this mechanism.  One study 
increased cardiac cell wall stiffness using colchicines.  This study found that specimens with stiffer 
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cardiac cells were more susceptible to CC (Madias, Maron et al. 2008).  Other studies are using advanced 
technologies to study this phenomenon.  Monitoring the electrical state of cardiac tissue has improved 
the understanding of CC (Bode, Franz et al. 2006).  By increasing the number of points monitored and 
the sample rate of data collection, 3D mapping of action potentials in the ventricle is possible (Alsheikh-
Ali, Akelman et al. 2008).  Mathematical models are another means to describe a physical system.  
Researchers have created 2D and 3D models of cardiac tissue to describe and possibly predict how 
electrophysiology changes under mechanical stimuli (Garny and Kohl 2004; Li, Kohl et al. 2004).  As 
technology advances our ability to understand this phenomenon will increase and studies will continue. 
3.3 Impact Location 
Research has shown that the location of impact is a critical factor in commotio cordis.  Numerous 
studies by Link et al. with porcine specimens have shown that impacts directly over the cardiac 
silhouette are most likely to cause VF (Link, Maron et al. 2001).  In a  study that tested seven thoracic 
impact locations, three over the heart, and four outside the cardiac silhouette, only impacts over the 
heart were found to cause CC (Link, Maron et al. 2001).  A hundred impacts in non-cardiac locations 
were unable to induce VF, while 78 impacts over the heart resulted in 12 incidences of VF.  The three 
locations over the heart impacted were the center of the heart, the apex of the left ventricle, and the 
base of the left ventricle.  Of these three, directly in the center of the heart was the most effective in 
inducing VF.  The three locations had incidences of VF of 7 of 23 for the center of the heart, 1 of 25 for 
the apex of the left ventricle, and 4 of 30 for the base of the left ventricle (Link, Maron et al. 2001). 
This finding was essential in the ability to create a consistent animal model of CC.  However, it does 
not prove that CC can only be caused by impacts over the cardiac silhouette.  Case reports have shown 
that CC can occur with an impact in other locations (Frazer and Mirchandani 1984; Abrunzo 1991; 
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Boglioli, Taff et al. 1998). One case report details a vehicle occupant who received a blow to the right 
side of his chest (Frazer and Mirchandani 1984).  Another describes a child who was struck in the back 
(Boglioli, Taff et al. 1998).  The majority of case reports involve impacts to the chest without any 
additional impact location detail.  Research has shown people are most susceptible to CC from impacts 
to the cardiac silhouette, but impacts outside the cardiac silhouette cannot be considered non-injurious.   
3.4 Impact Timing 
The timing of the impact has also shown to be a critical factor in the incidence of CC.  This period is a 
15ms window during the rising of the T wave (Link, Wang et al. 1998).  This window occurs 30-15ms 
before the peak of the T wave (Link, Wang et al. 1998).  This study showed that impacts outside of this 
vulnerable window do not cause VF or CC.  Impacts during other portions of the T wave can cause 
polymorphic ventricular tachycardia for a short time (Link, Wang et al. 1998).  These cardiac events are 
brief and resolve without intervention.   
Another study by Kroell et al. showed that VF could be induced outside this vulnerable window 
(Kroell, Allen et al. 1986).  This study was designed to evaluate the response of porcine specimens to 
thoracic impacts.  One of the outcomes observed was VF.  The impacts were not timed with the cardiac 
cycle, but the timing was compared to the ECG of the test subjects (Kroell, Allen et al. 1986).  
Researchers observed   11 incidences of VF.  Of those incidences, 2 were within the vulnerable time and 
the rest outside (Kroell, Allen et al. 1986).  However, these impacts caused other severe injuries 
including heart rupture.  This data was evaluated by Bir et al. by excluding severe events by removing all 
events that resulted in an AIS score of 4 or higher (Bir and Viano 1999).  Only 13 of the 41 events met 
this criterion, and five of these resulted in VF (Kroell, Allen et al. 1986).  Further examination of the data 
reveals that three of these five events that induced VF also resulted in rib fractures, which prevents 
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them from being classified as CC.  Therefore there are only 10 events from this study that do not result 
in heart rupture or rib fractures.  Two of these events occurred during the vulnerable portion of the 
cardiac cycle and they both induced VF.  This research shows that it is possible to induce VF outside of 
the vulnerable timing window.  However, the incidences of VF that occurred outside the vulnerable 
portion of the cardiac cycle resulted in other damage that prevents them from being classified as CC. 
Knowing the vulnerable timing window is another critical step in creating a reliable and consistent 
animal model.  Once the timing and location parameters were known, a test protocol was created by 
Link et al. to maximize the risk of CC for test specimens (Link and Maron 2005).   This model included 
juvenile porcine specimens and impacted them directly over the heart during the vulnerable portion of 
the cardiac cycle.  Porcine research at New England Medical Center (NEMC) from this point forward 
used this model with maximized vulnerability (Garan, Maron et al. 2005; Link and Maron 2005; 
Weinstock, Maron et al. 2006; Doerer, Haas et al. 2007; Drewniak, Spenciner et al. 2007; Link and Estes 
2007; Alsheikh-Ali, Akelman et al. 2008; Madias, Maron et al. 2008; Madias, Maron et al. 2009).  The 
impact timing was controlled and monitored.  Impacts outside the vulnerable window were not used.  
The target impact location moving forward was the center of the cardiac silhouette, and impacts outside 
of this area would not be considered. 
This model allowed researchers to test many other factors to determine if they influenced the 
occurrence of CC.  Researchers evaluated impact speed, impactor stiffness, and specimen size to 
determine if these factors influence CC.  This model also allowed researchers to delve into the 
pathophysiology of CC.   
Knowing the vulnerable timing window is another critical step in creating a reliable and consistent 
animal model.  Once the timing and location parameters were known, a test protocol can be created to 
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maximize the risk of CC for test specimens (Alsheikh-Ali, Madias et al. 2010).   Porcine research from this 
point forward used this model with maximized vulnerability.   
3.5 Impact Speed 
Research has shown that the risk of CC is related to the impact speed (Link, Maron et al. 2003).  
Increasing the speed of an impactor increases the impactor energy.  It is only logical that increased 
impactor energy would increase the risk of injury.  However, there is a point after which the risk of 
commotio cordis begins to decrease (Link, Maron et al. 2003).  CC does not include events that result in 
any physical damage.  As impactor energy increases, it reaches a point where physical damage results 
such as myocardial tears and cardiac contusions (Link, Maron et al. 2003).  These are serious and 
potentially fatal injuries, but they would be classified as contusion cordis not commotio cordis (Link 
2003).   
One study using the maximized vulnerability porcine model found 40mph to be the ideal speed 
for inducing VF (Link, Maron et al. 2003).  Above and below this speed the incidence of VF decreased.  
This created a Gaussian distribution for the incidence of VF in specimens compared to speed.  However, 
structural damage occurred only in impacts above 40mph.  This damage occurred in sixteen specimens 
(25.8%), and resulted in nine acute deaths of 62 impacts (14.5%).  If the impacts that resulted in 
structural damage are removed from the incidence of VF, the Gaussian distribution does not exist.  The 
three highest groups (50, 60, and 70mph) have percent incidences of VF of 50%, 27% and 100% 
respectively.  The exclusion of impacts that result in structural damage also limits the number of tests in 
these groups.  The groups are left with only 28, 15, and 3 tests.  This limited number of impacts does not 
lend itself to a robust comparison between groups. 
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An alternative treatment of these data would be to include both commotio cordis and acute 
death from contusion cordis within one injury group.  This is typically how injuries are evaluated.  They 
are ranked according to their severity and risk of death.  In this case both events are considered lethal, 
because the goal is to prevent CC and anything more lethal.  By including the acute deaths due to 
contusion cordis, the Gaussian distribution is not present.  The percent incidences of VF or acute death 
are 57%, 47%, and 85% for the 50, 60, and 70mph impacts respectively.  Including these events 
increases the number of tests for each specimen.  It also provides a more accurate view of the risk of 
death from impacts at each speed. 
It appears that higher speed impacts exceed the capabilities of this model.  It is possible that the 
specimen size was too small for impact velocities above 40mph.  The specimens in this study were 8 – 25 
kg’s (Link, Maron et al. 2003).  Larger specimens may be able to endure the higher speed impacts and 
provide more data points at these levels.  If this is possible, a robust comparison can be made between 
velocities.  This model has provided valuable information, an ideal impact speed.  A speed of 40mph 
could be used to increase the incidence of VF in this model.  This speed was used to test the influence of 
impactor stiffness. 
3.6 Impactor Stiffness 
Various research groups have studied the effect of impactor stiffness on CC.  This became an issue in 
late 1990’s when safety balls were introduced for youth baseball.  The balls were softer than a classic 
baseball.  They were made for different age groups, and each ball had a different stiffness.  The ball for 
the youngest population was the softest, and the stiffness increased with the target age group.  These 
were introduced to improve the safety of the game, but there was no research about their effectiveness 
in preventing commotio cordis.  Many researchers compared these safety balls with classic baseballs to 
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determine if they decreased the risk of CC (Janda, Bir et al. 1998; Link, Wang et al. 1998; Link, Maron et 
al. 2002; Marshall, Mueller et al. 2003; Classie, Distel et al. 2010).  The results of these studies are in 
some cases contradictory.  Different models were used to test the effects of impactor stiffness, and the 
models used determine the outcome of the test. 
One study by Janda et al. showed that most safety balls do not reduce the risk of CC at low 
velocities.  The study compared nine commercially available safety balls to a standard baseball at 
velocities of 40, 50, and 60mph (Janda, Bir et al. 1998).  The results showed six of the safety balls 
provided improved protection at 60mph.  At the lower velocities, 40 and 50mph, fewer of the safety 
balls provided an improvement.  Only one at 40mph and four at 50mph provided improved protection.  
This study utilized the 3-rib surrogate and evaluated the balls using the Viscous Criterion (VC).  This 
surrogate has been validated for use in ballistics testing, including less than lethal munitions testing.  
However, it has not been validated as a model to evaluate commotio cordis protection.  VC is an injury 
criterion utilized in the automotive industry to evaluate thoracic and abdominal impacts.  It utilizes the 
compression and the rate of compression of the thorax. It is defined by the function  
VC = C * (Y/D)*(dY/dT) 
Where C is a scaling factor used for specific biomechanical surrogates, Y is thoracic deformation, D is the 
thoracic depth, and dY/dT if the rate of thoracic deformation.   VC has been an effect tool for predicting 
blunt thoracic injuries such as rib fractures (Viano 1983; Viano, Lau et al. 1989; Viano, Lau et al. 1989).  
The impacts included in this study have low VC values (less than 0.5).  These values are associated with a 
risk for thoracic injuries of about 20% for projectile impacts (Bir and Viano 2004).  The 40mph impacts 
have minimal VC’s (0.07 - 0.14) due to the limited energy of impactors.  These impacts are below the 
effective range of VC, with an injury risk of less than 5% (Bir and Viano 2004).  The surrogate has limited 
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discrimination capabilities in this range of VC measurements.  This study utilized available technology, 
applied accepted testing techniques, and evaluated balls using a standard injury criterion.  At the time it 
was an effective means of evaluating safety balls.  However, it appears the impacts may have been 
below the effective working threshold of the model and the criterion.  The effectiveness of safety balls 
may have been underestimated. 
Another study utilized the porcine model with maximized vulnerability.  Researchers tested 40 
porcine specimens with standard baseballs and three types of safety balls (Link, Maron et al. 2002).  All 
of the specimens were impacted at the same speed, 40mph.  This was the lowest speed tested in the 
previous study where only one safety ball provided improved protection.  This study used the incidence 
of VF in the specimens to evaluate the projectiles.  Each of the balls was evaluated based on the number 
of times it induced VF.  Since each ball was tested a similar number of times but not exactly the same 
number of iterations, percent occurrence of VF was used.  Standard baseballs induced VF 69% of the 
time.  While the safety balls induced VF 11%, 19%, and 22% of the time for increasing stiffness of balls.  
All of these values were significantly lower than the control.  The softest ball was also significantly 
different than the stiffest safety ball.  This study showed that at low velocities, safety balls are still 
effective.  However, this study only evaluated three balls and required 40 animal specimens.  Even with 
an effective animal model, the incidence of VF for the control is only 69%.  Also, specimen to specimen 
variability requires that many specimens be tested.   
The research has shown that impactor stiffness is a factor for inducing CC.  Some researchers may 
disagree on the effectiveness of specific commercially available products, but overall it has been proven 
to be a factor.  One of the issues that researchers struggle with is consumer expectations.  Softer balls 
will be safer in baseball, but they will not eliminate commotio cordis.  There are at least two recorded 
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cases of players suffering CC from a safety ball impact (Maron, Gohman et al. 2002).  Even the softest 
safety ball induced VF 11% of the time in a maximized vulnerability model at 40mph (Link, Maron et al. 
2002).  This is an easy concept for scientists to understand, but not for consumers.  People use safety 
balls expecting them to be safe, when in fact they are only safer than the standard.  If coaches and 
leagues use the same rules, techniques, and precautions with safety balls they have the potential to 
reduce the incidence of CC.  One study has shown that safety balls reduce injury rates, but there is not 
enough data to determine if their use reduces the risk of CC (Marshall, Mueller et al. 2003).  It is critical 
that consumers understand that safer products are only effective if they are treated with the same 
precautions as the equipment they replace. 
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Chapter 4 - PORCINE SURROGATE TESTS 
4.1 Introduction 
In order to evaluate the incidence of commotion cordis, a physiological model is warranted.    The 
use of the porcine model has been studied extensively, and maximized vulnerability has been 
determined (Link and Maron 2005).  This model has provided much of the pathophysiological data about 
CC.  Juvenile porcine specimens were used to demonstrate the existence of VF without gross 
pathologies and thus CC events. This model has also been utilized to determine both the critical time 
window and location necessary for the induction of VF.  These specimens have proven useful because of 
their similarities in cardiovascular structure and properties.  These similarities and the established test 
methods make the porcine model the most appropriate to use in the first stage of developing a 
biomechanical surrogate, identifying an injury criterion.  An injury criterion utilizes empirical engineering 
measurements correlated to risk of an injury occurring in human subjects.  The empirical measurements 
are made during injurious and non-injurious events.  The incidence of injury is considered a 
dichotomous event, injury or no injury.  When these dichotomous results are plotted versus the 
engineering measurement, a trend of increasing risk of injury with increasing values of the engineering 
measurement can be observed.  Engineering measurements can be evaluated as potential injury criteria 
by performing statistical analyses to determine if they are statistically significant.  They can be further 
compared to determine which measurement is the best predictor of injury. 
 This study uses larger specimens than those used in the 2003 Link study (20-45kg compared to 
8-25kg).  These specimens represent a wider range of the human population from youth to a 50th 
percentile male (Swindle, Horneffer et al. 1986; Kent, Stacey et al. 2006).  The impact speed is limited at 
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60mph to prevent impacts that result in contusion cordis.  The larger specimens and speed restriction 
are intended to provide injury and non-injury events without inducing physical damage. 
4.2 Test Methods 
 A total of seventeen juvenile porcine specimens, ranging in mass from 21-45 kg, were tested 
using a previously established protocol (Link, Maron et al. 2003).  The protocol was designed to deliver 
an impact during the vulnerable period of the cardiac cycle directly over the cardiac silhouette.  Four 
impact speeds were used: 13.4, 17.9, 22.4, and 26.8 m/s (30, 40, 50, and 60 mph).   
 These impact conditions have proven to be most effective in producing ventricular fibrillation 
and commotio cordis in a porcine model (Link, Maron et al. 2001).  Each specimen was impacted three 
times at each speed, starting with the lowest speed for a total of twelve impacts per specimen (Table 1).  
Some specimens were sacrificed before the completion of all twelve impacts because they could not 
regain a normal sinus rhythm after an incidence of VF.    All the specimens were treated with respect 
according to the rules of the Animal Research Committee of the New England Medical Center in 
conformity with the regulations established by the Association for Assessment and Accreditation of 
Laboratory Animal Care.  All experiments were conducted at the New England Medical Center 
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Table 1: Specimen Details 
   Number of Impacts 
Specimen Mass (kg) Chest Depth (cm) 30mph 40mph 50mph 60mph Total 
531 23 17 3 3 3 0 9 * 
532 23 17 3 3 3 0 9 * 
533 33 20 3 3 3 3 12 
534 28 21 3 3 3 3 12 
535 34 21 3 3 3 3 12 
536 35 22 3 3 3 3 12 
541 22 18 3 3 3 2 11 * 
542 21 17 3 3 3 2 11 * 
543 40 22 3 3 3 3 12 
544 40 22 3 3 3 0 9 * 
545 40 22 3 3 3 3 12 
546 45 24 3 3 3 3 12 
550 34 22 1 3 3 3 10 ** 
551 32 21 3 3 3 3 12 
552 21 19 3 3 1 2 9 ** 
553 44 25 2 3 3 3 11 ** 
554 45 23 3 3 3 3 12 
 
* testing terminated prematurely due to lack of cardioversion 
** Event not included because timing was not within vulnerable window 
 
4.2.1 Specimen Preparations 
 Animals were anesthetized with an initial dose of ketamine and isoflurane.  Once intubated, 
anesthesia was maintained with 1% to 2% isoflurane mixed with oxygen and nitrous oxide.  A harness 
system was used to suspend the specimens horizontally exposing their cardiac silhouette.  The 
specimens were placed prone in the harness, and elevated above the projectile launcher.  The harness 
had an opening in the thoracic region to allow the cardiac silhouette to be directly exposed to the 
impactor and allow the impact surface to be visible for high-speed video.  A Millar Mikrotip (Houston, 
TX) pressure catheter was placed in the left ventricle (LV) via the femoral artery, and a 6-lead 
electrocardiogram (ECG) was attached to monitor the specimen’s cardiac rhythm for arrhythmias and 
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time the impacts.  Each of the specimens was exposed to three impacts at four speeds (30, 40, 50 and 60 
mph) for a total of twelve impacts per specimen (Table 1).  The impact location was identified on the 
specimen by using a transthoracic echocardiography.  The center of the cardiac silhouette was marked 
on the skin of the specimens with a felt pen.  If an impact induced VF, the ECG monitor would produce 
an audible alarm to notify the researchers that the specimen needed to be defibrillated.  Testing 
continued only if the specimen could regain a normal cardiac rhythm and blood pressure.  If a normal 
cardiac rhythm could not be established, the test series was complete for the specimen.  Seventeen 
total specimens were tested for a total of 187 impacts.   
4.2.2 Impactor Design 
 An impactor was designed by using a lacrosse ball attached to an aluminum shaft.  A typical 
lacrosse ball has a mass of 141.7 to 148 grams.  In order to attach an accelerometer to the impactor, an 
aluminum disc was mounted to the shaft directly behind the ball.  This disc and accelerometer 
attachment added 18.1 grams to the mass of the projectile (Figure 6). 
 
Figure 6: Impactor System 
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Two shaft lengths were used to accommodate the draw length of the projectile launchers described 
below.  These shafts had masses of 22.4 and 50.3 grams.  The total impactor mass, including the ball, 
shaft, and accelerometer mount, was 188.4 grams for the lower speed impacts and 214.5 grams for the 
higher speed impacts.   
4.2.3 Projectile Launcher 
 The projectile launcher system was designed to produce accurate speeds and impact locations.  
The system has one base and four launchers specifically tuned to each speed (Figure 7).  This limits the 
amount of time needed to change between different speed impacts and minimizes the time specimens 
are under anesthesia.  The spring launcher used for the three lowest speeds (30, 40, and 50mph) was a 
Browning Micro Midas compound bow (Tucson, AZ).  The highest speed spring system was a Browning 
Micro Adrenaline compound bow.  All of these launchers have an adjustable spring constant and draw 
length that can be used to calibrate to the appropriate speed.  The speeds were calibrated using an 
Oehler Research chronograph (Austin, TX).  The projectiles were launched through the chronograph and 
into a net to catch the projectile.  The chronograph was placed such that the center of the screens was 
the same distance from the launcher as the specimens during testing.  The impactor speed was 
calibrated for each compound bow before each day of testing.  Impact speeds were calculated for each 
event using two frames of high-speed video.   
 The bow string was held in place by a caliper release (Cabela’s, Sidney, NE).  The release was 
modified to mount it directly to the fixture instead of attaching to the wrist as designed (Figure 8).  The 
release was actuated by a pull solenoid connected to the release trigger.  The solenoid was triggered by 
an EP-2 cardiac stimulator (EP medical, Bud Lake, NJ) which was capable of timing the release such that 
the impact occurred during the vulnerable window of the cardiac cycle.  It used the ECG from the 
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specimen to coordinate the timing.  Utilizing the heart rate and impactor flight time, the impacts were 
timed to occur during the vulnerable period of the cardiac cycle.  Before each set of impacts at a specific 
speed the impactor timing was adjusted.  A test was conducted to ensure the impact would occur during 
the vulnerable window.  These impacts were conducted caudally on the specimens so that VF would not 
be induced.  Impact timing was confirmed after each event to ensure that it occurred during the 
vulnerable timing window.  The timing of the impact event relative to the cardiac cycle was recorded 
using a pressure catheter in the left ventricle (described below).  The impact event induces an increase 
in left ventricular pressure.  The timing of this spike in LV pressure was used to confirm proper timing. 
 Impacts were induced directly over the cardiac silhouette.  Any impacts that did not occur 
during the vulnerable timing window and/or did not impact over the cardiac silhouette were excluded 
from the analysis.  These impact conditions create a local deformation.  The projectile reaches a 
maximum penetration and rebounds.  The projectile looses contact with the specimen and falls into a 
net placed below the specimen and the launcher.  The specimen does not experience gross body motion 
until after the projectile has separated from the specimens. 
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Figure 7: Projectile Launcher 
 
Figure 8: Trigger Release  
4.2.4 Data Collection 
 An Endevco 7270-20K accelerometer (San Juan Capistrano, CA) was used to measure the 
impactor acceleration.  The acceleration data were collected using a TDAS data acquisition system (DTS 
inc., Seal Beach, CA) at 20 ksps.  High-speed video was captured using a Kodak 4540 (Rochester, NY) 
digital camera at 9,000 fps with a 256x256 pixel resolution. The effective pixel resolution was 
0.95mm/pixel. Video tracking was conducted using Image Express (Cheshire, CT) to determine time-
dependent deflection data.  The impact speed was confirmed using frames of high-speed video in 
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ImageJ (National Institute of Health).  Two frames within 50ms of impact were used for a two-point 
speed calculation.  The 2D location of the projectile and time was recorded for each frame.  The speed 
was calculated using the distance the projectile moved between frames divided by the difference in time 
between frames.  The acceleration and displacement data were processed using Diadem 10.2 (National 
Instruments, Austin, TX).  The acceleration data were filtered using a SAE Channel Filter Class (CFC) 1000 
Hz filter.  The filtered acceleration was multiplied by the mass of the projectile to calculate an 
approximate force.  Viscous Criterion (VC) calculations were performed using the crash analysis package 
for Diadem 10.2.  A Millar Mikrotip (Houston, TX) catheter was used to measure the left ventricular 
pressure.  It was inserted via the femoral artery and the tip located in the left ventricle.  This data were 
collected using an AD Instruments PCLab Chart (Colorado Springs, CO) at 1ksps.  All data were analyzed 
using Minitab 16.1.1 (Minitab Inc. State College, PA) or SPSS 19 (IBM, Armonk, NY) software.   
4.2.5 Injury Criteria Evaluation 
 After the completion of animal testing, ten injury criteria were evaluated: Viscous Criterion (VC), 
Peak Compression, Compression Rate, Impact Power (Power), Impact Impulse, Momentum, Energy, 
Force*Compression (F*C), Peak LV Pressure, and Peak Force.  The maximum value of each criterion was 
tabulated for each event.  Each criterion was compared to the incidence of VF as a binary output.  Each 
impact was considered a dichotomous event, VF or no VF.  The engineering parameters were each 
treated as independent variables.   
 VC is the product of the chest deflection and the speed of the chest deflection.  An ECE94 
calculation was used with a scaling factor of 1.0 and the measured chest depths included in Table 1 for 
the deformation constant (defconst).  The ECE94 function calculates the chest speed from a derivative of 
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the chest deflection (dY/dt).  Then both the chest deflection (Y) and speed are filtered with an SAE CFC 
180 Hz filter to be used in the final calculation of VC.   
VC = dY/dt*Scaling factor*Y/defconst 
 Peak force was calculated using the total mass of the projectile (ball, shaft, and disc) and the 
acceleration of the 7270 accelerometer.  Compression was calculated using the displacement of the 
impactor after contacting the specimen divided by the chest depth.  F*C is computed by multiplying 
these two criteria together.  Impact impulse is the integral over time of the impactor force during the 
impact event.  Compression Rate is the derivative of the compression.  The data were filtered with a CFC 
600 Hz filter prior to the derivative calculation.  Momentum change was calculated using the high-speed 
video data.  The speed was computed using the derivative of the displacement then filtered using a 
CFC1000 filter.  This speed was multiplied by the mass of the projectile to compute momentum.  Energy 
change was an integration of the impactor force over the displacement of the projectile.  The 
displacement was measured using high-speed video.   
 Impact Power was calculated using the speed from high-speed video and acceleration data from 
the instrumented projectile.  It was calculated according to Newman et al. (Newman, Shewchenko et al. 
2000).  This computation is performed at each discrete point in time for the duration of the event. 
Power = mass*speed*acceleration  
4.2.6 Force Correlation 
 The impact force is approximated using the mass of the whole projectile and the acceleration 
measured on the shaft behind the ball.  The lacrosse ball is not a rigid impactor.  Therefore the force 
calculated assuming a rigid body will over predict the actual impact force.  To quantify this difference 
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between calculated force and actual impact force, the instrumented projectile was tested using a rigid 
plate and three Interface SSM-AJ-750 load cells (Scottsdale, AZ).  The plate was covered with 6cm of 
padding material to extend the duration of the event.  This was to allow the load cells with a slower 
response to accurately measure a load.  The instrumented impactor was launched using the same 
launcher system for the four impact conditions with the swine.  Three impacts were conducted for the 
low speed events, while two were conducted at 60mph.  Fewer impacts were conducted at the highest 
speed due to the sensor cable being damaged during an impact.  Data were collected at 10ksps using 
TDAS data acquisition system.  The data was processed using Diadem 10.2.   
 An FFT analysis was conducted on the data from the accelerometer and the load cells.  The load 
cells have a frequency response curve with a -3dB point less than 1KHz.  The frequency response of the 
accelerometer is constant for a much wider frequency range (>10KHz).  This required the data to be 
filtered at a lower frequency than in the experimental tests.  A CFC120 was used on both the load cell 
data and the accelerometer data.  This provided signals with similar frequency content so they could be 
compared.  The load was calculated for the projectile using mass times acceleration.  The data from the 
three load cells were filtered at the same frequency.  Then the three channels were summed.  The sum 
of the three load cells was compared to the calculated projectile load. 
 The maximum values for each event were correlated using Minitab 16.0.  The correlation had a 
Pearson’s R2 = 0.8392 (p < 0.001).  The load measured by the load cells was 0.8102*projectile load.  The 
correlation graph is shown in Appendix F.  In all future references to Force and Impact Force, the 
approximated force from the projectile is used. 
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4.2.7 Statistical Analyses 
 Univariate logistic regression was used to model the incidence of CC for each of the ten injury 
criteria using Minitab 16.1.1.  Univariate logistic regression was also used to determine if cofactors 
influenced the incidence of VF.  Five cofactors were evaluated: impact speed (from 2 point method), 
chest depth, specimen mass, impact number, and a logistic parameter for previous incidence of VF 
(PVF).  The last parameter is a binary (0 or 1) factor that is 0 for all specimens until VF is induced during 
an event.  For all following events, PVF is affirmative (1).  The risk of injury for univariate logistic 
regression is defined as  
P(VF) = 1/(1 + e-q) 
where 
q = α + Σβi xi     
Alpha and beta are defined as the intercept and coefficient for each variable in the multivariate 
regression.  A summary of these values for the univariate and multivariate regression analyses are in 
Table 2.   
 Goodman-Kruskal Gamma (γ) and Somers’ D were used to assess each of the criteria and 
cofactors to evaluate their ability to accurately predict injury and non-injury events.  Both of these use 
the number of concordant and discordant outcomes.  Concordant outcomes occur when the injury 
criterion predicts a higher probability of injury for an injurious event.  Discordant outcomes occur when 
the model predicts a lower risk for an injurious event than a non-injurious event.  There are also 
conditions where the model does not predict a higher or lower probability, and these cases are ties.  
Gamma uses only the number of concordant, Nc, and discordant, Nd, events in the dataset. 
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γ = (Nc – Nd)/(Nc + Nd) 
Somers’ D uses the ties (Nt) in addition to the number of concordant and discordant pairs.   
D = (Nc – Nd)/(Nc + Nd+ Nt) 
 For both gamma and D, the closer the value is to one, the better the predictive ability of the 
model.  An ideal model would have D = γ = 1.  Next a stepwise regression (forward and backward) was 
conducted on all injury criteria and cofactors that were statistically significant in the univariate logistic 
regression.  All ten criteria and the three cofactors were entered into the regression.  An alpha of 0.15 
was used to determine if predictors were added and removed from the model.  Force and PVF were the 
two predictors that were in the final stepwise regression.  The alpha, beta, gamma, and D are all 
contained in Table 2 with the univariate results. 
 Five injury criteria were further evaluated using a Receiver Operating Characteristic (ROC) curve.  
The ROC curve is calculated using the ratio of True Positive Rate (TPR) vs. the False Positive Rate (FPR).  
TPR is the number of true positives divided by the total of true positives and false negatives (correct 
predictions).  This ratio provides information about the percent positive correct predictions vs. the total 
correct predictions.  The FPR is the number of false positives divided by the total of false positives and 
true negatives (incorrect predictions).  The ROC curve provides a means to evaluate the number of type I 
(false positives) as a percent of all the incorrect predictions.  The ROC curve is used as an evaluation tool 
by using the area under the curve.  The higher the area, the better more accurate the criteria is in 
predicting the outcome. 
 A parametric distribution analysis was performed on the criteria in the final multivariate logistic 
regression to determine the best fit distribution.  Four distributions were evaluated: Weibull, logistic, 
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normal, and log-normal.  These distributions have historically been applied to biomechanical risk 
functions (Kent and Funk 2004).  The adjusted Anderson-Darling (AD) statistic was used to evaluate how 
each criterion fit the four possible distributions. 
 A parametric survival regression analysis was conducted for the ten criteria using a two-
parameter Weibull distribution.  The criterion in the final multivariate regression model was subjected 
to multiple analyses to demonstrate the effect of the cofactor in the multivariate regression.  All the 
data in these tests were considered doubly censored.  In events where VF occurs, it is after the impact 
event is over.  It cannot be determined the exact level at which VF is induced.  Likewise in events that 
did not result in VF, it is unknown at what point VF would be induced.  Impacts outside of the vulnerable 
timing window were excluded from all statistical analyses.  Injury risk functions were computed from 
these survival analyses including 95% confidence intervals.  Maximum Likelihood Method was used to 
determine these confidence intervals.  The risk of VF (P(VF)) is computed using the following equation: 
P(VF) = 1 – P(S) = 1-e-[(x/η)^φ] 
 P(S) is the probability of survival, x is the potential injury criterion, η is the Weibull scale factor, 
and φ is the shape factor for the distribution.  Of the seventeen specimens, ten completed the full series 
of twelve impacts.  The remaining seven specimens did not endure all the impacts and were sacrificed 
before the series was completed.  From these specimens, a total of twelve 60 mph impacts and two 
50mph impacts are missing.  These impacts could not be conducted due to lack of cardioversion in seven 
specimens.  Also three 30 mph impacts are missing from the data.  Two are the result of a faulty trigger 
and the other was outside the vulnerable timing window.  These impacts were not repeated because the 
inclusion of additional impacts could alter the data.  A total of 187 impacts were used in the data 
analysis. 
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4.3 Results 
 The seventeen specimens were subjected to nine to twelve impacts depending on the 
specimen’s ability to establish normal cardiac rhythm and blood pressure.  Some specimens did not 
recover from an incidence of VF and were sacrificed before all planned impacts were completed.  The 
total number of impacts recorded was 187.  There were nine events in which the video data were not 
recorded.  These events were included in the analyses for data that were collected. 
 A total of 69 incidences of VF were recorded (37%).  The incidence rate increased as the impact 
speed increased.  At 30mph there was only a 6.3% incidence (3 of 48).  The incidence rate increased to 
41.2% (21 of 51) at the 40mph speed.  At the highest speeds, 50 and 60mph the incident rate increased 
to 42.9%  (21 of 49) and 61.5% (24 of 39) respectively.   
 The average peak force and chest deflection increased as the impact speed increased.  The time 
duration of the event did not change with respect to the impact speed.  The average force time data for 
each impact condition are shown in Figure 9-12.  The duration for each event is 3ms for all conditions.  
The amount of chest compression also increased with impact speed.  These results can be observed in 
Figure 13-16.  The peak forces in these graphs correlate with the peak forces in the force time figures. 
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Figure 9: Force Time Porcine 30mph Corridor (N = 48) 
 
Figure 10: Force Time Porcine 40mph Corridor (N = 51) 
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Figure 11: Force Time Porcine 50mph Corridor (N = 49)  
 
Figure 12: Force Time Porcine 60mph Corridor (N = 39) 
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Figure 13: Force Deflection Porcine 30mph Corridor (N = 48) 
 
Figure 14: Force Deflection Porcine 40mph Corridor (N = 51) 
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Figure 15: Force Deflection Porcine 50mph Corridor (N = 49) 
 
Figure 16: Force Deflection Porcine 60mph Corridor (N = 39) 
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 The measured and calculated data were examined with respect to time.  Nine criteria are 
graphed in Figure 17.  All the data were normalized so they can be viewed in the same figure. 
 The data were normalized by dividing each discrete data point by the maximum value for that 
criterion during a specific event.  All data are displayed as a percentage of the maxima for their 
respective criterion.  The specific event is impact five for specimen 533.  There is one criterion which is 
not included in this graph.  LVP is not included because these data were collected with another data 
acquisition system with a lower (1ksps compared to 20ksps) sample frequency and a separate event 
trigger.  It was not possible to accurately align these data with respect to time.   
 
Figure 17: Phase Relation of All Potential Injury Criteria 
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 These data show that two criteria (Energy and Momentum) achieve their maxima prior to 
impact.  Compression rate reaches its maxima less than 0.5ms after impact.  Two criteria (compression 
and Impulse) rapidly increase during the first 2.5 ms of the event.  After 2.5ms compression continues to 
increase at a much lower rate.  Force dominates the F*C calculation and these criteria are in phase 
throughout the event.  VC has a similar shape as the Force.  The VC maximum occurs 0.7ms prior to the 
Force maximum.  The Power maximum occurs between the maxima of Force and VC. 
 All of the potential injury criteria proved to be statistically significant in the univariate 
regression.  Three of the five cofactors were also significant: Impact Speed, Impact Number, and PVF.  A 
summary of the univariate regression results is shown in Table 2. 
 Force has the highest Somers’ D value of 0.52.  PVF has the highest gamma value of 0.71.  This 
value is higher than the others due to the binary nature of this cofactor.  PVF had a high number of ties 
(40%) for events prior to an incidence of VF for each specimen.  When these ties are included in the 
Somers’ D, the PVF has a lower predictive ability (0.41).  With the exception of the two cofactors that 
were not significant, all of the criteria and cofactors had similar predictive capabilities.  The Somers’ D 
ranged from 0.35 to 0.52 (mean 0.428).  The gamma ranged from 0.35 to 0.71.  Excluding the PVF which 
had an elevated gamma due to a high percentage of ties, the range is 0.35 to 0.52 (mean 0.436). 
 To compare the criterion and cofactors together, a stepwise (forward and backward) 
multivariate regression was used.  All ten criteria and the three cofactors were entered into the 
regression.  An alpha of 0.15 was used to determine if predictors were added and removed from the 
model.  Force and PVF were the two predictors that were in the final stepwise regression.  The results of 
the multivariate regression are included in Table 2 with the univariate results. 
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Table 2: Results of Univariate & Multivariate Logistic Regression Analyses 
Variable 
Sample 
size (# VF) 
Logit Terms 
Significant 
 (p < 0.05) 
Somers' 
D 
Goodman-
Kruskal γ 
α β 
Mass (kg) 
187 
 (69) 
Not 
Significant 
0.1 0.11 0.346226 -0.026652 
Chest Depth (cm) 
187 
 (69) 
Not 
Significant 
0.15 0.17 1.94853 -0.119395 
Impact Number 
187 
 (69) 
Significant 0.42 0.46 -2.20031 0.24328 
Speed (mph) 
178 
(65) 
Significant 0.41 0.42 -4.14591 0.0796789 
PVF 
187 
 (69) 
Significant 0.41 0.71 -1.55814 1.79077 
Force (N) 
187 
 (69) 
Significant 0.52 0.52 -3.57165 0.0012345 
Peak LVP (mm Hg) 
186  
(69) 
Significant 0.38 0.39 -2.39845 0.0034673 
VC 
178 
(65) 
Significant 0.44 0.44 -2.07408 1.38994 
Compress 
178 
(65) 
Significant 0.35 0.35 -2.74625 12.6233 
Force * Compress 
178 
(65) 
Significant 0.49 0.49 -2.0252 0.0052071 
Impulse 
178 
(65) 
Significant 0.42 0.42 -3.06392 0.721227 
Momentum 
178 
(65) 
Significant 0.41 0.41 -2.75663 0.550278 
Energy (N-mm) 
178 
(65) 
Significant 0.47 0.47 -1.88896 0.000059 
Power 
178 
(65) 
Significant 0.49 0.49 -2.13565 0.0000832 
Compress Rate 
178 
(65) 
Significant 0.45 0.45 -3.33485 0.0293267 
PVF & Force 
178 
(65) 
Significant 0.56 0.56 -3.33003 
PVF = 
0.909878 
Force = 
0.0009208 
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 Five (5) criteria were also subjected to an ROC curve calculation.  Impact Force, Peak LVP, 
Force*Compress, VC, and Compression Rate were included in this calculation.  One criterion was chosen 
from each measurement device (accelerometer, pressure, and video).  One (1) criterion was chosen 
from the combination of accelerometer and high-speed video data (Force* Compress).  VC was the final 
criterion included in this evaluation.  The results of the ROC curve are shown in Table 3.   These results 
correlate directly to the results from the Somer’s D results in Table 2.  The five (5) criteria included in the 
ROC curve calculations are ranked the same (1-5) in the ROC curve area as they are in the Somer’s D 
evaluation. 
Table 3: Results of ROC Curve Evaluation of Five Criteria 
Criteria Area 
Force (N) 0.759 
Force*Compress 0.745 
Compression 
Rate 
0.731 
VC 0.718 
LVP 0.696 
 
 A parametric distribution analysis was performed on force to determine which type of 
distribution best fit the data.  Four distributions were evaluated Weibull, Logistic, Normal, and Log-
normal.  The Anderson Darling (AD) statistic was used to evaluate the distribution fit.  A lower AD 
statistic relates to a better model fit.  PVF was not included in the distribution analysis because it is a 
binary value and does not conform to a distribution.  The four AD statistic values are shown in Table 4.  
They are all very similar (range = 0.074). 
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Table 4: Distribution Analysis Results for Impact Force 
Distribution 
AD 
statistic 
Correlation 
Coeff 
Weibull 29.784 0.965 
Normal 29.828 0.938 
Logistic 29.817 0.936 
Lognormal 29.754 0.947 
 
 Because of the similarity in the distributions, Weibull distribution survival analysis was used   as 
the injury risk function.  The risk functions for the other nine criteria were also created using a Weibull 
distribution.  The shape and scale of the Weibull distributed risk function for each criterion are 
contained in Table 5. 
Table 5: Weibull Distribution Parameters for all Risk Functions 
Variable φ η 
Peak VLP 1.46047 875.681 
VC 1.05557 2.02327 
Compress 1.58813 0.273711 
Force * Compress 1.116 503.92 
Impulse 1.92159 5.09831 
Momentum 1.7611 6.11565 
Energy 0.87858 85.6079 
Power 1.21796 32729.9 
Compress Rate 2.09051 135.71 
Force w/ PVF 1.34394 3356.64 
Force W/o PVF 2.54838 3653.91 
Force (all) 2.18964 3417.66 
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 Since PVF has only 2 values (0 or 1), there are multiple injury risk functions graphed in Figure 18 
through Figure 21.  The first figure includes three risk functions.  One risk function includes all the 
events.  The other two risk functions are subsets of the first.  One includes events for each specimen 
prior to and including the first instance of VF.  These are defined by a negative PVF.  The remainder of 
the events have a positive PVF.  These are the events that were conducted on specimens that had 
previously experienced an incidence of VF.   
   
Figure 18: Injury Risk Curve for Impact Force 
 This figure demonstrates that the risk of VF is higher at lower impact forces after an incidence of 
VF.  The increased risk of VF after a previous exposure diminishes as force increases when compared to 
the all data risk curve.  Above 70%, the risk of VF after a previous incidence of VF is lower than the risk 
curve for all data points.   
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The risk curve for events without a prior incidence of VF has a lower risk for the same force as the curve 
for all events until the risk approaches 90%.  At this point the two risk curves converge.  The risk function 
without a prior incidence of VF will be applicable to injury risk in the field (Figure 19). 
 
Figure 19: Injury Risk Curve for Force without a Previous Incidence of VF 
 The expectation is that a player will not return to play after suffering from VF, even if they are 
effectively cardioverted.  The injury risk function for all events is plotted in Figure 20.  This is to allow 
force to be compared to the other nine criteria.   
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Figure 20: Injury Risk Curve for Impact Force for All Events 
 The risk functions for the other nine criteria are shown in Figure 21  and Figure 22.  In all the risk 
functions the confidence intervals diverge as the risk approaches 1.  For all criteria the majority of the 
experimental data is clustered at 50% risk or below. 
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Figure 21: Injury Risk Curves 
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Figure 22: Injury Risk Curves Continued 
 
4.4 Discussion 
 Determining the injury criteria with the highest predictive power for commotio cordis is an 
important step in commotio cordis research.  These results show there are many possible predictive 
criteria for commotio cordis, and that force is the most effective.    
 All the criteria were significant predictors of VF.  However, none of them had a very high 
predictability (0.35 < D < 0.56).  This may be the result of commotio cordis not being related to a 
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mechanical failure.  For all of the predictive criteria, typically higher values led to a higher risk of injury.  
Beyond this, there is no obvious difference between an injury and a non-injury event.  As an example, 
Figure 23 shows the force time data for two events.  They are both 40 mph events on the same 
specimen (533).  One of the events is an injury event and the other is non-injurious.  These data 
correlate very well with only a slight difference in magnitude.  This could be attributed to the lack of a 
mechanical failure.  All of the criteria have similar comparisons between injury and non-injury events. 
 
Figure 23: Impact Force for Injury and Non-Injury Events 
 There were also inconsistencies in the results with respect to the incidence of VF with increasing 
impact speed for specimens.  In twelve of the specimens, if the specimen experienced VF at one speed, 
it experienced it at all higher speeds.  In four specimens, there were instances where specimens suffered 
VF at one speed and did not at the next impact condition.  In three of these cases, the specimens 
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experienced VF again at the subsequent speed(s).  The last of the four specimens was not exposed to 
the 60 mph impacts.  This specimen experienced an arrhythmia after an impact, but did not enter VF.  
The specimen did not require defibrillation, but it never attained a normal cardiac rhythm.  It was 
sacrificed without any impacts conducted at the last condition.  It is possible that the limited number of 
exposures at each condition resulted in these inconsistent results.  Since the overall incidence of VF was 
only 37%, it is possible to not induce VF in a particular specimen at a specific speed, regardless of 
whether VF was induced at a lower speed.  It is also possible that the difference in the impact conditions 
was too small to provide consistently increasing incidences of VF for increasing impact speed.  Perhaps 
six impacts at two speeds would have provided a more consistent outcome. 
 These events induce a small localized compression.  The chest deflection is small (mean 3.1cm).  
This limited chest compression could be dominated by soft tissue properties.  The localized loading 
limits the amount of mechanical recruitment of adjacent skeletal systems.  This could make the injury 
results highly dependent on small changes in impact location.  The impact location was controlled to the 
cardiac silhouette, but the center of the impact locations could be between ribs or directly on a rib.  It is 
unknown what affect this would have on the injury outcome.   
 The pathophysiology of CC is not completely understood.  It is clear that impacts to the cardiac 
silhouette cycle result in compression of myocardial cells causing them to depolarize.  If the impact 
occurs during the vulnerable portion of the cardiac cycle, the heart can enter VF.  What is unclear is why 
the outcome is not consistent with the same impact conditions for each specimen.  The impacts are 
creating similar results external to the specimen and within the ventricle.  It appears despite these 
measurements, the myocardial compression is inconsistent.  This could be due to slight changes in 
impact location or another confounding factor that was not controlled.  For example, the impacts were 
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not timed with respect to the respiratory cycle.  It is unknown if there is a relationship between the lung 
volume and CC.  It is possible that there exists a relationship, and this confounded results. 
 Another experimental model has been described by Viano et al. for inducing fatal sports thoracic 
impacts (Viano, Andrzejak et al. 1992).  This model is similar to the experimental model used in this 
study.  The Viano model impacted sixteen juvenile swine once each in the chest using a baseball.  The 
specimens were of similar size as those used in the Link et al. study examining the effect of impactor 
speed (19-22kg’s) (Viano, Andrzejak et al. 1992; Link, Maron et al. 2003).  The impact speed was 42.8 
m/s (95mph), which is greater than the velocities used in any of the studies by Link et al. (Madias, Maron 
et al. 2007).  This increased impactor speed led to cardiac contusions and lesions in all but one 
specimen.  Impacts were also conducted in a different location than the current study.  The baseballs 
were aimed directly at the sternum along the midsagittal plane.  In the current study, the projectiles 
were aimed left of the sternum.  The positioning of the specimen was also different.  The Viano study 
impacted the specimens with the spine vertical.  Specimens were only kept in this position for a short 
amount of time (< 1 min.), but this change in orientation could affect the location of the heart within the 
thoracic cavity.  Some of the specimens in the study were ventilated while others were not during the 
impact testing. 
 These impact conditions resulted in a consistent injury output (10 of 16 fatal).  However, 
because they resulted in damage to the cardiac tissue they would be classified as contusion cordis not 
commotio cordis.  The study reported higher rates of VF in non-ventilated specimens (80% non-
ventilated vs. 33% ventilated).  This could be due to the difference in physiological state of the two 
conditions.  Ventilated specimens had a mean blood oxygen blood level of 152.8 prior to the test, while 
the non-ventilated specimens had a mean pretest oxygen level of 94.5 (Viano, Andrzejak et al. 1992).  
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The difference in the incidence of VF between ventilated and non-ventilated could be the result of the 
lung volume changes or a result of heart rate changes, neither of which were reported.  Since the 
impacts were not timed with the cardiac cycle it is possible the percentage of time the heart was 
vulnerable was dramatically increased by an increased heart rate for non-ventilated specimens.  The 
consistency of the outcome is surprising considering the impacts were not timed with the cardiac cycle.  
It is possible that a higher speed projectile can induce VF outside of the vulnerable window.  These 
impacts are transferring more energy to the heart, as evidenced by the cardiac contusions.  It is possible 
these contusions induce a localized ion membrane permeability change that prevents proper ventricular 
contraction and results in VF.  Although lower speed tests were conducted in this study, the speeds and 
number of tests is not described.  It would be interesting to perform a similar study timing the impacts 
with the cardiac cycle to determine if VF can be induced at lower speeds.  Like-wise, performing the 
tests described in this paper without ventilation could be performed to determine if the same effect is 
observed in this test protocol.  The anesthesia would need to be changed to accommodate the removal 
of ventilation.  These changes to the respective studies would allow the models to be compared more 
effectively.   
 There are a large number of thoracic response curves for both human and porcine specimens. 
The target population at risk for commotio cordis is adolescent males.  The thoracic response data for 
this population is more limited.  One study by Ouyang at al. detailed the thoracic impact response of 
pediatric cadavers (Ouyang, Zhao et al. 2006). 
 The impacts from Ouyang’s study can be compared to the impacts in this study with limitations.  
The impactors differ greatly in their mass, speed, and momentum.  This study utilized a lower mass 
impactor at much greater speeds.  This creates events that achieve higher loads with similar deflections.  
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The lowest speed impacts from this test have a similar peak load to the pediatric cadaver loads reported 
by Ouyang, 1124N compared to 740-1560N (Ouyang, Zhao et al. 2006).  The three higher speeds have a 
mean peak load exceeding the all those measured in the Ouyang study.  These peak mean loads are 
2001N, 2555N, and 3136N for the impacts conditions (Figure 24).  The higher loads can be explained by 
increased impactor speed and shorter duration event.  The impacts from the previous study were 
approximately 30ms in duration, while the impact events in this study were only 3ms (Ouyang, Zhao et 
al. 2006).  Another difference that can be observed is the lack of a load plateau in the current data.  A 
larger mass impactor (3.5kg) traveling at lower speed (6m/s) maintains a high level of load for a long 
duration of compression.  In this study, the load induced by a 141.7-148gram impactor decreases quickly 
after the peak load is achieved.  This can be attributed to the difference in momentum of the impactors.  
The Ouyang impactor had a momentum 21 N-s while this study had impactor momentum of 2.5 to 5.7 
N-s.  The limited momentum and duration of these events do not allow for a sustained level of force. 
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Figure 24: Porcine Force Deflection Response for All Conditions 
 Another pediatric cadaver study by Kent et al. compared pediatric cadaver response to adult 
cadaver response (Kent, Salzar et al. 2009).  This study loaded the thoracic region using various belts at 
rates of 2.2 and 2.8 m/s.  The loading surface created by the belts is larger, and the rate of loading is 
different than the current study, but relevant comparisons can still be made.  The loading condition with 
the most comparable results was a distributed loading.  The average response curves for this study are 
also shown in Figure 25.  The response curves include the load to peak only.  The unloading phase of the 
impact has been removed to illustrate the comparison to the reference data.  The lower speed (13.4 & 
17.9 m/s) impacts begin to increase load earlier than the pediatric data from Kent et al.  However, the 
13.4 m/s load curve is still contained within the corridors of Kent et al. 2004.  The higher speed impacts 
have load curves that follow the pediatric data from 2009.   
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Figure 25: Porcine and PMHS Force Deflection Response (Kent et al. 2009) 
 Despite the differences in loading conditions these data are consistent with existing loading 
curves.  The loading rates and areas are different.  This is an interesting finding.  The data are even being 
compared between animals and human cadavers.  The amount of compression is limited to 30mm, and 
loading curve is highly dependent on soft tissue during these limited chest compressions.  However, it is 
a promising finding that these data correlate to cadaver results, due to the limited availability of 
cadavers.  Future work should include testing cadavers (pediatric if available) using the same loading 
conditions as the current study.  If cadaver and porcine results correlate utilizing the same impact 
conditions, cadaver work could be limited.  Porcine specimens may prove to be an appropriate thoracic 
model for the pediatric human under these loading conditions.   
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 Existing biomechanical surrogates could be tested to evaluate if their response correlates to 
those observed in this study.  Surrogates such as the Hybrid III and the 3-RIB model could be tested 
using the same test conditions.  Their response could be compared to the porcine curves to determine if 
an existing thoracic surrogate is biofidelic for these impact conditions.  However, due to the small area 
of the cardiac silhouette, it is foreseeable that any existing surrogate would have to be modified for the 
evaluation CC.  Currently, equipment manufacturers have chest protectors that are designed specifically 
to cover this region.  If these products were placed on a Hybrid III torso for example, there would be no 
means to measure how well they divert the impact away from the cardiac silhouette.   
 If no existing surrogate matches these response curves, a new surrogate will be needed that 
responds appropriately to these impacts.  A new surrogate or a modified existing surrogate would need 
to be capable of measuring at the cardiac silhouette.  Once a surrogate is validated for these impact 
conditions, equipment could be evaluated.  Existing studies have shown chest protectors to be 
ineffective in preventing CC (Weinstock, Maron et al. 2006).  Without a biomechanical surrogate it is 
difficult to evaluate equipment.  Studies with animals are costly and have inconsistent outcomes.  A 
biomechanical surrogate would provide a repeatable measure for the effectiveness of equipment.  It 
would also make it possible to create an equipment effectiveness standard.  Currently there is no 
standard for chest protectors in lacrosse.  The only chest protector standard is for jockeys to provide 
protection from being trampled. 
 These data are specific to lacrosse.  However, it is possible they may apply for other sports and 
protective equipment.  Baseball, for example has a very similar ball in size and mass.  The stiffness of the 
impactor has an effect on CC, but it is expected that this will also have an effect on the criteria measured 
in this study.  Researchers have already evaluated the effectiveness of chest protectors and safety balls 
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in baseball (Janda, Bir et al. 1998; Viano, Bir et al. 2000; Link, Maron et al. 2002).  These studies had 
mixed results based on the surrogate used in the study.  Safety balls are intended to be a replacement 
for baseballs for younger children.  The balls have varying levels of stiffness based on the age level the 
ball is intended to be used within.  Maron et al. used a swine model to evaluate different safety balls, 
and found the softer balls to provide a significant reduction in the incidence of VF in the specimens at 
40mph.  Janda et al used the 3-Rib surrogate to evaluate the safety balls.  Their results showed limited 
changes in VC measurements in the surrogate.  The VC values measured for 40mph impacts was low 
(0.07-0.15) and this limited the ability to achieve statistical significance.  The 3-Rib surrogate is not 
validated for these impact conditions, and it appears it may not be appropriate considering the low VC 
values compared to those reported in this study (0.78 for 40mph impacts).  The difference in these 
measurements probably comes from the method in which they are measured.  The 3-Rib uses rib 
deflection for VC calculation.  In front of the ribs there is a foam pad covered with hard plastic to 
represent the soft tissue.  As previously discussed, these impacts are highly dependent on the soft 
tissue.  Since the 3-Rib measures rib deflection after a surrogate soft tissue compression, the VC 
calculations do not include the soft tissue effects.   
Other studies have evaluated the effectiveness of chest protectors (Viano, Bir et al. 2000; Weinstock, 
Maron et al. 2006).  These studies have provided limited statistical significance.  However, it is possible 
the statistical significance was limited by the surrogates used.  The Weinstock study used the swine 
model and compared the incidence of VF with and without padding materials.  The inconsistency of VF 
results in animal specimens could easily confound the findings of this study.  The Viano study used the 3-
Rib surrogate, and the limitations of this surrogate for CC efficacy testing have been described.  These 
studies should be conducted again with a biomechanical surrogate that has been validated for these 
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impact conditions.  This would provide a repeatable measureable criterion (Force for example), that 
could be correlated to injury risk for CC.   
4.5 Limitations 
 The impactor mass was different than the actual mass of a lacrosse ball.  The mass and kinetic 
energy were increased by 27-45%.  This increase in mass and kinetic energy changes the impact 
conditions, but they are an acceptable change considering their added benefits.  The shaft allows for 
accurate timing with the cardiac cycle and location with respect to the cardiac silhouette.  Also, these 
are well within the typical kinetic energy of lacrosse balls during competition.  The mass difference 
between the low speed and high speed impactor was 14%.  The length of the aluminum shaft was longer 
for the high-speed impacts.  This was due to the longer draw length of the compound bows at this 
speed.  The longer shaft could not be used for the low-speed impacts because the shaft would extend 
too far past the handle of the compound bow, which is where it is supported.  The mass of the ball on 
the end of the shaft would bend the shaft if it was not supported near the end. 
 Swine are an accepted surrogate for human cardiac studies and impact studies.  However the 
geometry of the thoracic cavity of the swine is different than in humans.  The human thorax is wider 
than it is deep, while the porcine is deeper than wide.  This results in swine having a small ventral 
surface compared the anterior thorax surface in humans.  
 This study included repeated tests on specimens.  It was intended that each specimen be 
exposed to the same number of impacts, but some did not survive the complete test series.  Also, 
specimens were more likely to experience VF after they had experienced it once.  Specimens that 
entered VF early in the series of tests were more likely to experience VF more often in later events.  
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Multiple tests per specimen were conducted to increase the amount of data points and utilize the 
specimens to the fullest extent. 
 The heart rate of the specimens was lower than the expected heart rate of people who 
experience CC in the field.  Animals were under anesthesia at a resting heart rate.  CC is most common 
in sports when people will be exerting themselves physically and have elevated heart rates.  It is 
unknown how the vulnerable window changes as heart rate increases, if it changes at all.   
 The impactor is not a rigid body.  The lacrosse ball is stiff, but it is possible that some of the 
compression could be attributed to the compression of the ball.  This compression should be consistent 
for each impact condition, but there is no means to verify or quantify the ball compression. 
 Video tracking is not the most effective means of measuring motion.  The effective image 
resolution was 0.95mm/pixel.  This is 3% of the average compression.  This limited the accuracy of all 
criteria using the video data (F*C, Impulse, Momentum, Energy, VC, Compression, Compression Rate, 
Impact Power).  The video tracking was conducted with limited frames prior to impact.  This limits the 
accuracy of criteria that have maxima at the start of the event (Energy and Momentum).  These criteria 
directly correlate to speed and the speed was confirmed with 2-point calculations prior to the impact.  
Impactor speed from a 2-point calculation was more effective than energy and momentum at predicting 
injury. 
 The LV pressure data acquisition system was designed for clinical use.  The low sample rate 
(1ksps) is appropriate for clinical use, but not for impact biomechanics.  The short duration of events 
(3ms) makes this sample rate ineffective.  The system was only capable of reading three data points 
during the impact event.  The pressure wave within the heart caused by the impact was longer in 
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duration than the impact event, but it is still feasible that actual peak pressure was under reported due 
the peak being missed by a slow sampling rate.  This could have limited Peak LV Pressure as an injury 
criterion. 
 Acceleration measurements were made in a single location.  The location of the accelerometer 
mount on the impactor was behind the ball.  Since the aluminum shaft went through the center of the 
ball and mounting disc, the accelerometer could not be located at the center of the impactor.  This could 
result in inconsistent acceleration measurements and force calculations.  Mounting an additional, 
identical sensor on the opposite side of the shaft would have provided confirmation and the ability to 
average these data.  This could have addressed the off-center measurement of acceleration. 
4.6 Conclusions 
 Commotio Cordis is the second leading cause of death in youth sports.  There are 169 reported 
fatalities from CC since the registry was created in 1996 (Maron and Estes 2010).  Lacrosse has the 
highest incidence rate per participation. 
 This study investigated ten possible injury criteria as possible predictors of CC risk.  Seventeen 
juvenile porcine specimens were impacted over the cardiac silhouette during the vulnerable portion of 
the cardiac cycle to induce VF.  Four impact speeds were used that have proven to be most effective in 
inducing VF in porcine specimens.  VF was induced in 39% of the impacts. 
 Univariate logistic regression and a stepwise (forward and backward) multivariate regression 
analyses were conducted on the ten possible injury criteria and five cofactors.  Force had the highest 
predictability of the potential criteria in the univariate regressions.  A previous incidence of VF also 
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proved to have a high predictive ability for future instances of VF.  These two terms were the terms 
retained in the stepwise regression. 
 All ten criteria proved statistically significant in predicting VF.  However, none of the criteria had 
a high level of predictive ability (D < 0.57).  Force had the highest predictability (D = 0.52).  It could be 
utilized to evaluate the probability of CC occurring from impacts from lacrosse balls. 
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Chapter 5 - POST MORTEM HUMAN SURROGATE TESTS 
5.1 Introduction 
 Post Mortem Human Surrogates (PMHS) allow researchers to measure the human response to 
potentially injurious or lethal loading conditions.  They have been used to evaluate injury criteria and 
develop biofidelic surrogates for decades.  This study required the use of swine to evaluate injury 
criteria because  VF cannot be created in a cadaver.  However, the animal model cannot be relied upon 
for the development of response corridors.  The human response to sports thoracic impacts must be 
determined to evaluate existing surrogates and validate a novel design if necessary.  Researchers must 
determine how the human thorax responds to sports projectile impacts with respect to force, 
deflection, and time.  Surrogates must be evaluated according to how well they match the human 
response in sports thoracic impacts.  PMHS specimens are the most accepted means to determine the 
human response to impact conditions. 
 There exists a large amount of PMHS thoracic response data.  These data were collected using 
loading conditions applicable to automotive and blunt ballistic impact conditions, and differ in the 
impactor size (mass and cross-sectional area) and speed.  Blunt ballistic impacts utilize a small impactor 
at a high speed while automotive impacts use a large impactor at a lower speed.  Typical automotive 
impacts are conducted at 10 m/s and below with impactor mass ranging from 2.5 kg’s to 23kg’s.  These 
impacts create a large area of compression across multiple ribs.  The risk of injury is dependent on the 
amount of compression and the rate of compression.  Research by Bir et al. used impactors ranging in 
mass from 30 grams to 140 grams with a diameter of 37mm (Bir, Viano et al. 2004).  These impacts were 
conducted at 20-60m/s.  One impact condition from the Bir study was similar to the impactor conditions 
73 
 
 
included in this study (140 grams at 20m/s).  This is within the speed range of this study with a 25% 
lower mass.  However the impactor has a smaller diameter 37mm compared to 447mm diameter of a 
lacrosse ball.  The impactor stiffness was also greater in the blunt ballistics test.   
 The target audience for commotio cordis protection is an adolescent population.  There is a 
limited availability of PMHS specimens in this age group.  There have been some studies that have 
reported pediatric responses (Kent, Lessley et al. 2004; Ouyang, Zhao et al. 2006; Kent, Salzar et al. 
2009), however these data were collected on different loading conditions.  A comparison to the swine 
response corridors was presented in the previous chapter.  These comparisons were conducted to 
determine the similarities between adolescent PMHS thoracic response and the swine thoracic response 
measured in this study.  The response corridors were similar and suggest that the PMHS and swine 
corridors obtained from the same impact conditions may also be similar.  This may allow the swine data 
to supplement the limited PMHS data with a larger data set. 
 Another technique that is often used within the injury biomechanics community is scaling.  Since 
PMHS specimens are often older than the target audience, methods were developed to scale data to a 
specific target age, sex, and size.  These techniques are also applied to PMHS data to reduce the data 
range.  This has proven effective in for adult populations, but is less successful in scaling to a youth 
population (Kent, Stacey et al. 2006; Kent, Salzar et al. 2009). 
5.2 Test Methods 
Seven PMHS were impacted using the impactor system previously described (Chapter 4).  The 
specimens were limited in weight and height in an attempt to easily correlate data to the target 
population of the youth.  The specimens were considered reasonable candidates if they were within the 
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15th- 85th percentile in height and weight for a 15 year old male.  According to CDC data that range 
includes heights of 164.6 to 182.2 cm and masses of 52.0-83.6 kg’s (McDowell, Fryar et al. 2009).  
Typically, adult specimens within these size constraints are female; therefore most (6 of 7) of the 
specimens were female.  The specimens were also screened for any previous thoracic surgeries.  
Unfortunately PMHS are not typically available in the age range that is desired.  The age of specimens 
was not limited, but younger specimens were highly desired.  These limitations were dependent on the 
availability of specimens within the criteria.  All PMHS were treated according to the established WSU 
ethical guidelines (King, Viano et al. 1995).   
The specimens were suspended using an OSHA harness that secures the specimens in an upright 
position and allows access to the chest for impacts.  The same projectile that was used in the porcine 
testing was used for the PMHS effort.  It consisted of an instrumented ball-shaft launched by a 
compound bow.  Acceleration data was collected using the same accelerometer (Endevco 7270 20K) and 
data acquisition system (TDAS) at 20 KHz.  The compression data was collected in the same manner 
using a Redlake HG 100K camera (Cheshire, CT) at 10,000fps.  The specimens were prepared so that 
pressure measurements could be made in the left ventricle (LV), using a Millar SPR-477 Catheter 
transducer (Houston, TX).   
5.2.1 Specimen Pressurization 
The LV of each specimen was pressurized using a 10% saline solution.  This was accomplished by 
isolating the heart from the rest of the circulatory system and using a pump to maintain an average 
pressure of 80mm of Hg in the LV which is similar to the pressure observed in the swine model during 
the vulnerable portion of the cardiac cycle.  The pressure was introduced at the left and right common 
carotid arteries.  The arteries were exposed in the upper neck by blunt dissection.  The heart was 
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isolated by sealing major arteries and veins that connect it to the rest of the circulatory system.  The 
descending aorta was blocked using a balloon catheter inserted at the femoral arteries and inflated 
inferior of the abdominal aortic bifurcation.  The inferior vena cava was blocked using a balloon catheter 
inserted at the right jugular vein and inflated inferior of the heart.  The jugular veins were exposed 
during the exposure of the common carotids and clamped closed using suture.  Tourniquets were placed 
on the arms to limit fluid flow into the arms.  For the limited test period this system was able to 
maintain a stable background pressure of 80mm HG with minimal leakage.  The pressure catheter was 
inserted at the right common carotid and located in the LV to allow for dynamic recording of LV pressure 
during the impact event. 
5.1.2 Specimen Instrumentation 
A unilateral mastectomy was conducted on female specimens prior to impacting.  The 
specimens were intended to represent adolescents and the removal of the left breast creates a chest 
depth more realistic for this age group.  The tissue was removed by making an incision along the left 
lateral aspect of the thorax from rib three to six.  The musculature was left intact and the subcutaneous 
fat of the breast tissue was removed from between the most superficial layer of muscle and skin. 
This incision allowed for additional instrumentation.  With the lateral portions of ribs 3-6 
exposed, these ribs were instrumented with strain gages (Vishay Micro-Measurements, Raleigh, NC).  
These strain gages were used to detect rib fractures.  The soft tissue was removed from the lateral 
portions of ribs 3-6.  The ribs were cleaned and dried using acetone to allow for proper strain gage 
attachment.  The gauges were fixed to the ribs using M bond 200 adhesive and sealed using M-Coat A 
sealant (Vishay Micro-Measurements, Raleigh, NC).  A similar technique has been used in the past on 
PMHS ankles to determine the timing of fracture during an axial loading event (McKay and Bir 2009).  
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These sensors were not assumed to be absolute.  During the testing the ribs were palpated after each 
impact to confirm the presence of rib fractures. 
A triaxial accelerometer was used to measure the motion of the body during the impact.  An 
aluminum mounting block was placed on the posterior of the specimen at the T4 level.  The block was 
rigidly mounted to the body using stamen pins.  These data were double integrated to determine the 
change in position of the specimen during the impact, and were collected synchronously with the 
impactor acceleration.  Using high-sped video tracking, the global motion of the projectile was tracked 
during the duration of the impact. 
5.3 Results 
A total of seven PMHS were tested to create the human response corridors (Table 6).  The 
specimens included six females and one male, with an average age of 77.7 years.  The average height, 
weight, and chest depth were 165 cm (5’ 5”), 58.9 kg’s (129.8 lbs), and 21.8 cm (8.6 in) respectively.  All 
of the specimens were also measured for bone mineral density (BMD) using a Dual Energy X-ray 
Absorptiometry (DEXA).  This device measures the BMD of the lumbar spine for each specimen and 
compares it to a standard.  This provides an indication of bone strength in the specimens.  Since the 
specimens are primarily females over 70 years old, there was concern that severe osteoporosis could be 
an issue.  Dexa measurements provided the ability to exclude specimens if with insufficient BMD.  All of 
the specimens included in the study had DEXA scores > 0.90 with the average score was 1.058. 
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Table 6: PMHS Measurements 
Specimen Age Sex Height (cm) Weight (kg) Chest Depth (cm) DEXA 
UM32394 81 F 164 44.9 22.0 0.928 
UM32396 80 F 157 64.4 19.7 1.125 
UM32412 71 F 166 58.1 21.4 1.081 
UM32473 75 F 156 71.2 25.0 0.938 
UM33043 79 M 182 52.2 21.0 1.004 
UM33063 77 F 154 50.1 21.0 1.035 
UM33089 81 F 177 71.2 22.5 1.292 
Average 77.7   165 58.9 21.8 1.058 
 
 The intention was to test each specimen twice in the four impact conditions, starting at the 
lowest speed, increasing to the highest, and retesting from highest to lowest.  Unfortunately, the PMHS 
specimens were not able to endure repetitive impacts without sustaining rib fractures.  This limited the 
data set, especially at the higher speed impacts.  The following Table shows the impacts that were 
conducted and included in the development of the human response corridors.  A summary of the 
maximum values recorded during each event used in the corridor development is contained in Table 8. 
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Table 7: PMHS Impacts 
Specimen 30mph 40mph 50mph 60mph 
UM32394 2 2 2 2 
UM32396 1 0 1 1 
UM32412 1 1 1 0 
UM32473 1 1 0 0 
UM33043 0 2 0 0 
UM33063 1 2 0 0 
UM33089 1 1 0 0 
Total 7 9 4 3 
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Table 8: Peak Values Recorded for Each PMHS Test 
Impact Specimen 
Speed 
(mph) 
Peak 
Force 
(N) 
Peak 
VLP 
(mm Hg) 
Peak 
VC 
Peak 
Compress 
1 UM32394 30 1579 200.22 0.4155 0.087 
2 UM32394 40 2362 313.08 0.5808 0.123 
3 UM32394 50 2312 301.2 0.9713 0.227 
4 UM32394 60 2590 292.88 1.5392 0.218 
5 UM32394 60 2598 283.54 1.4678 0.215 
6 UM32394 50 2539 335.69 1.1527 0.189 
7 UM32394 40 1853 227.41 0.6261 0.152 
8 UM32394 30 1133 181.67 0.4316 0.186 
1 UM32396 30 877.29 
 
0.5815 0.18 
3 UM32396 50 1469 
 
1.429 0.252 
4 UM32396 60 1613 
 
2.1203 0.374 
2 UM32412 30 1017 289.71 0.9437 0.174 
3 UM32412 40 1475 364.35 1.3071 0.209 
4 UM32412 50 1735 316.23 2.7757 0.238 
1 UM32473 30 799 205.58 0.2797 0.106 
2 UM32473 40 1398 221.71 0.5262 0.134 
1 UM33043 40 2264 175 1.2206 0.181 
2 UM33043 40 2365 237 0.8711 0.159 
1 UM33063 30 2199 240.12 0.3752 0.114 
2 UM33063 40 2696 211.54 0.5901 0.127 
3 UM33063 40 2606 201.35 1.02 0.158 
3 UM33089 30 1629 333.63 0.5921 0.122 
4 UM33089 40 1791 
 
0.9623 0.158 
 
5.4  Development of Human Response Corridors 
 The human response corridors were created using the measurements from twenty-three 
impacts.  The events were aligned with respect to time using the initial ball contact with the specimen as 
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T0.  This time could be confirmed using both video and acceleration data.  The average response for 
each condition was calculated using a point by point averaging technique.  The average force and 
deflection were calculated for all four (4) conditions.  Corridors were created by adding and subtracting 
one standard deviation from the mean response.  Scaling was conducted to determine if the corridor 
width could be minimized.  A normalization factor (λD) was created using chest depth.  This factor was 
calculated for each specimen using the specimen chest depth (DS) and the mean chest depth of all 
specimens(DT) (21.8cm).   
λD = (DT)/(DS) 
 This also corresponds to a mean chest depth for the target age group (Openshaw, Edwards et al. 
1984; McDowell, Fryar et al. 2009).  Two references were used to determine the mean chest depth of 
the target population (Openshaw, Edwards et al. 1984; McDowell, Fryar et al. 2009).  McDowell et al. 
provides an extensive adolescent anthropomorphic study, but details the chest breadth instead of the 
chest depth.  The article provides an average chest breadth of 39.9 cm measured from 183 
subjects(McDowell, Fryar et al. 2009).  In order to determine the average chest depth, the thoracic index 
was used from Openshaw et al. (1984).  The thoracic index describes the ratio of chest depth and chest 
breadth.  The article reports a value for the target populations of between 0.53 and 0.57 from three (3) 
subjects (Openshaw, Edwards et al. 1984).  Using these values the average chest depth for the target 
population would be 21.1-22.7cm.  Since the mean chest depth for the specimens tested is within this 
range it was used.  This scaling was conducted as described by Eppinger et al.  The impact force, 
deflection, and time were all normalized using the scaling factor (λD). 
Normalized Force = Force x λD
2 
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Normalized Deflection = Deflection x λD 
Normalized Time = Time x λD 
 The effectiveness of these scaling techniques was evaluated by measuring the width of the 
corridors with and without scaling.  The corridor width is defined as two (2) standard deviations.  If the 
scaling factors reduced the corridor width, they were effective in normalizing the data.  Chest depth 
scaling was not effective in the low speed impacts, but was effective in the high speed impacts.  The 
deflection scaling proved to be effective at all speeds.  The scaled force, deflection, and time data are 
used in all subsequent graphs to describe the human response. 
 The response is evaluated by observing the force with respect to time and then the force with 
respect to deflection.  These data are included in graphs of force-time (Figures 26-29), deflection-time 
(Figures 30-33) and force-deflection (Figures 34-37).  These graphs are shown in the following Figures 26 
through Figure 37.  The mean for all tests in each condition are shown in red and the +/- one standard 
deviation for all data included in black. 
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Figure 26: Force Time PMHS 30mph Corridor (N = 7) 
 
Figure 27: Force Time PMHS 40mph Corridor (N = 9) 
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Figure 28: Force Time PMHS 50mph Corridor (N = 4) 
 
Figure 29: Force Time PHMS 60mph Corridor (N = 3) 
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Figure 30: Deflection Time PMHS 30mph Corridor (N = 7) 
 
Figure 31: Deflection Time PMHS 40mph Corridor (N = 9) 
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Figure 32: Deflection vs. Time PMHS 50mph Corridor (N = 4) 
 
Figure 33: Deflection Time PMHS 60mph Corridor (N = 3) 
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Figure 34: Force Deflection PMHS 30mph Corridor (N = 7) 
 
Figure 35: Force Deflection PMHS 40mph Corridor (N = 9) 
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Figure 36: Force Deflection PMHS 50mph Corridor (N = 4) 
 
Figure 37: Force Deflection PMHS 60mph Corridor (N = 3) 
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 These figures provide useful information about the human response.  First, the chest deflection 
for all impact conditions is less than 4 cm (1.57”).  The deflection starts at 2.1 cm for the lowest speed 
and increases to 2.8, 3.0, and 3.7 cm for the higher speeds.  Second, the impact duration is less than 
4ms.  The average impact force for the PMHS test conditions was 1299, 1817, 2044, and 2353 N for the 
30, 40, 50, and 60mph impact conditions, respectively.   
 These data can be compared to the porcine response from the previous chapter.  The 30mph 
PMHS peak impact force was higher than the force measured in the porcine specimens, 1299 N for the 
PMHS compared to 1124 N for the porcine.   In the other three (3) conditions, the peak porcine load was 
greater than the PMHS.  The 40mph peak porcine load was 2001 N which is a 10% increase from the 
PMHS peak load.  These porcine data were within the PMHS corridors in the two (2) low-speed impact 
conditions.  In the high- speed impacts (50 and 60mph) the peak porcine load exceeded the PMHS 
corridors.  The peak porcine load for the 50mph impact condition is 2555 N, a 25% increase from the 
PMHS peak load.  The 60mph peak porcine load is 3135 N, a 33% increase from the PMHS peak load.  
The response of the PMHS and porcine specimens are shown in Figures 38-41.  The force deflection 
response for both surrogate types are shown for each of the four impact conditions.  
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Figure 38: Force Deflection Response for PMHS and Porcine at 30mph 
 
Figure 39: Force Deflection Response for PMHS and Porcine at 40mph 
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Figure 40: Force Deflection Response for PMHS and Porcine at 50mph 
 
Figure 41: Force Deflection Response for PMHS and Porcine at 60mph 
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5.7 Limitations 
 The PMHS specimens used in this study were much older than the target population for CC.  
Adolescent PMHS specimens are not readily available, and the human response to these impact 
conditions was needed to validate a surrogate.  The PMHS corridors collected correlate well with the 
porcine corridors developed earlier in this study.  The corridors also correlate with adolescent PMHS 
corridors from existing literature despite different loading conditions. 
 These tests are also limited in that the target injury cannot be created in a cadaver.  It is not 
possible to conduct these tests on live human specimens. The injury criteria data from the porcine 
model were used in place of injury data from the PMHS model.  It is unknown how the injury risk would 
change in live humans; however, the similarities in the PMHS and porcine response indicate the 
responses are similar.  The swine is a widely accepted cardiovascular surrogate for humans, and the 
injury criteria were evaluated using the best available model. 
  The PMHS specimens were not intubated to inflate the lungs.  The impacts result in low chest 
deflection that is dominated by soft tissue.  The effect of the lung inflation on the thoracic modulus is 
expected to have minimal effect on the impact force measurements.  Lung inflation could affect the LV 
pressure.  This is important to note, but this measurement was not used to create human response 
corridors. 
 These specimens provided limited data to create the PMHS corridors.  This is especially true for 
the 50 and 60mph (22.4 and 26.8 m/s) impact conditions.  This data was limited due to the rib fractures 
suffered by the specimens during testing.  The similarities between the PMHS and the swine corridors 
help validate the limited data set for the PMHS. 
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5.8 Discussion and Conclusions 
 PMHS corridors were created using specimens with an average age of 77.7 years.  These 
specimens were much older than the target population, but were similar in stature.  The average height 
of the specimens was 165 cm compared to 172.8, which is a deviation of less than 5%.  The mean mass 
of the test specimens was 58.9 kg compared to 66.9 kg for an average 15 year-old male.  This is a 
difference of 12%.  The other anthropometric measurement compared between the specimens was the 
chest depth.  The mean chest depth of the specimens (21.8cm) was found to be within the average 
range of the target population.  This measurement was used in the scaling of the data due to the 
localized nature of the events.  Scaling of force data using the chest depth was effective in reducing the 
standard deviations of the data at 50 and 60 mph.  It was not effective in the lower speed events in 
reducing the human response corridor width.  Overall the scaling had minimal effect on the mean 
response.  This indicates that the response to these impact conditions is not dependent on variations in 
specimens (height, mass, or gender).  These results were further confirmed by the comparison to the 
porcine corridors.  Both of these surrogates (PMHS and Porcine) differ from the target population.  It 
appears the data are consistent across both available surrogates in the low-speed conditions (30-
40mph).  The conditions have limited deflection (<3 cm).  The localized impact conditions with limited 
chest deflection are dependent primarily on the soft tissue.  As the impactor speed increases, the 
porcine response results in higher peak loads than the PMHS.  The cause of this difference is unknown.  
These impact conditions result in larger chest deflections (3-4cm).  The larger deflection will make the 
force deflection more dependent on rib deflection.   
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The difference in the response of the models could be the result of thoracic geometry differences.  The 
swine thorax is deeper than wide, while the opposite is true of the human thorax.  It is also possible the 
living swine tissue has a more viscous response than the PMHS specimen.  The difference could also be 
due to the lack of pulmonary intubation in the PMHS.  This could have changed the viscous response of 
the thorax in these specimens.   
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Chapter 6 - DEVELOPMENT OF A BIOMECHANICAL SURROGATE FOR 
THORACIC SPORTS IMPACTS 
6.1 Introduction 
 Biomechanical surrogates provide an economical and repeatable test device.  Their extensive 
use in the automotive industry has improved occupant safety over the past three decades.  A viable 
surrogate must be able to measure an engineering criterion that has proven to be an effective predictor 
of injury.  The surrogate must also be biofidelic for the intended loading conditions.  It must respond 
similar to the human body under predetermined impact conditions.  Logistic regression data from swine 
tests provides the injury criterion for this surrogate.  Force time, deflection time, and force deflection 
data from the PMHS tests provides the human response corridors for the surrogate.  Utilizing these 
data, surrogates can be evaluated for their biofidelity in sports thoracic impacts.  If an existing surrogate 
cannot be identified as a viable candidate, a new surrogate will be created. 
 Biofidelity describes how well a surrogate matches the human response for specific loading 
conditions.  A recent article by Rhule et al. evaluates three (3) side-impact dummies to describe their 
biofidelity in different regions and loading conditions (Rhule, Maltese et al. 2002).  The study describes 
how an external biofidelity rank can be created for each body region based on multiple loading 
conditions in that region and an overall rank can be created for each surrogate based on the ranks of 
each region (Rhule, Maltese et al. 2002).  They provided the following equation for the external 
biofidelity ranking of biomechanical surrogates: 
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Where 
R = Response measurement comparison value (DCV/CCV) 
V = test condition weighting factor 
j = test condition 
k = response measurement 
m = number of test conditions 
n = number of response measurements per test condition 
 
 This ranking system compiles multiple R values for different body regions and different 
conditions.  R is the response measurement comparison value.  This compares the surrogate response to 
the PMHS response for the specific measurement, region, and condition.  The difference between the 
surrogate response and the mean PMHS response is computed on a point by point basis.  This difference 
is squared and summed for the duration of the event to create the Dummy Cumulative Variance (DCV).  
Then this difference in compared to the PMHS variance.  The cumulative cadaver variance (CCV) is 
created by summing the square of the PMHS variance (1 standard deviation) for the duration of the 
event.  If an R value is less than 1, the DCV is less than the CCV.  This means the surrogate response is 
different from the mean PMHS response by less than one (1) standard deviation for the duration of the 
event.  This does not mean that the surrogate response is completely within the PMHS corridors when 
plotted, it means the average difference over the duration is less than the average PMHS standard 
deviation (Rhule, Maltese et al. 2002).  
The ranking system described sums these R values for different body regions, measurements, 
and loading conditions.  The weighting (V) is based on the importance of the body region and the 
number of data points collected from PMHS for each of the conditions.  The more data the higher the V 
number (Rhule, Maltese et al. 2002).  This ranking technique is useful for evaluating surrogates tested in 
multiple conditions.  Since the testing conducted in this study only involves one (1) body region, the 
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equation is simplified.  The only weighting is based on the number of PMHS tests conducted at each 
condition.  The total rank was measured using the following equation: 
                
         
 
   
  
 
Where 
j = Test condition 
Vj = Number of PMHS tests conducted for each condition 
Rj = DCV/CCV 
23 = total number of PMHS tests conducted at all conditions 
 
 This equation can be used to evaluate existing and new biomechanical surrogates in the four (4) 
impact conditions tested in PMHS and porcine specimens. 
6.2 Testing of Existing Surrogates 
Three existing biomechanical surrogates were evaluated using the human response corridors 
developed in this study.  The 3-RIB, Hybrid III 5th percentile female, and the 10-year-old Hybrid III were 
all impacted under the same conditions as the porcine and PMHS.  Data was collected from each 
surrogate using the same methods as described in previous chapters.  The impact force was measured 
using an Endevco 7270 accelerometer impactor system at 20 KHz, and deflection was measured using 
Redlake HG 100K camera system at 10,000 fps.  Each surrogate was impacted five times at each 
condition for a total of twenty impacts per surrogate.  These five impacts were averaged to create a 
mean surrogate response for each condition.  The force-time and force-deflection curves were used to 
evaluate the existing surrogates.  Since the lower speed impacts (30 and 40 mph) have the majority of 
data points (16 of 23), these conditions are the primary focus for evaluation of the surrogates.  The 
other conditions were tested and compared, but the emphasis was placed on the low speed impacts.  
The 3-RIB was placed onto a Teflon coated table and allowed to move freely.  Blunt ballistic impact tests 
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with this surrogate use the same boundary condition.  The 5th percentile female had a modified skin, 
with the breasts removed to better simulate the thorax of an adolescent male.  Both the Hybrid III 
surrogates were mounted using the same technique.  The head, neck, and arms were removed from the 
thorax.  The thorax was then separated from the lower body above the lumbar spine assembly and 
mounted to a linear trolley system.  The trolley was allowed to move freely.  This is similar to NOCSAE 
impact tests that include launched projectiles.  The NOCSAE headform is mounted to a linear trolley for 
testing baseball helmets and facemask. 
 
Figure 42: 10-Year-Old Hybrid III Surrogate Thorax Mounted to Linear Trolley 
These surrogates have be developed and designed under significantly different impact conditions.  
The Hybrid III was developed for the 50th percentile adult male.  Additional models of the Hybrid III were 
developed to model a more complete population including 95th percentile males, 5th percentile females, 
and youth models of 3, 6, and 10 years of age.  All of these surrogates were designed within the context 
of the automotive impact environment.  The impacts existing in this environment typically are of much 
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higher energy and surface area than those within sports impacts.  The other thoracic model tested, the 
3-RIB, was validated for use in blunt ballistic impact testing.  These are the most available thoracic 
models, and their performance under sports impact conditions needed to be measured.   These 
data were plotted with the PMHS response corridors to evaluate how well they match the human 
response.  The following figures include the twelve graphs for force-time (Figures 43-46), deflection-time 
(Figures 47-50), and force-deflection (Figures 51-54) for the three surrogates overlaid with the human 
response, including +/- one standard deviation for the PHMS response. 
 
Figure 43: Force Time Existing Surrogates 30mph Response 
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Figure 44: Force Time Existing Surrogates 40mph Response 
 
Figure 45: Force Time Existing Surrogates 50mph Response 
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Figure: 46 Force Time Existing Surrogates 60mph Response 
 
Figure 47: Deflection Time Existing Surrogates 30mph Response 
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Figure 48: Deflection Time Existing Surrogates 40mph Response 
 
Figure 49: Deflection Time Existing Surrogates 50mph Response 
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Figure 50: Deflection Time Existing Surrogates 60mph Response 
 
Figure 51: Force Deflection Existing Surrogates 30mph Response 
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Figure 52: Force Deflection Existing Surrogates 40mph Response 
 
Figure 53: Force Deflection Existing Surrogates 50mph Response 
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Figure 54: Force Deflection Existing Surrogates 60mph Response 
   
The force data were evaluated according to Rhule et al. to determine the external biofidelity of 
the three (3) surrogates tested.  The external biofidelity was calculated for each condition in each 
surrogate, and a total biofidelity was calculated for each surrogate based on the number of PMHS tests 
conducted in each condition.  The external biofidelity results are summarized in Table 9.   
Table 9: Summary of External Biofidelity for Existing Surrogates 
Surrogate 30mph 40mph 50mph 60mph Total 
10YO 1.964 1.203 2.708 4.353 2.107 
5th 2.256 1.509 2.653 7.890 2.767 
3rib 2.826 2.181 4.545 8.217 3.576 
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None of these three surrogates proved to be highly biofidelic.  All of the external biofidelity 
values were greater than 1.  This means the surrogates are different from the PMHS corridors by more 
than one standard deviation.  A total external biofidelity was computed for each surrogate that ranks 
the biofidelity from each of the four (4) conditions based on the number of PMHS events in each 
condition.  The low speed events (30 and 40mph) have seven (7) and nine (9) PMHS tests while the high 
speed events (50 and 60mph) have four (4) and three (3) PMHS tests.  The total external biofidelity 
values for all the surrogates was above two (2).  The 10 year old Hybrid III had the lowest external 
biofidelity with a value of 2.107.   
These graphs were evaluated by material and design engineers at Denton ATD (Rochester Hills, 
MI).  The result of that evaluation was these response corridors could be matched by using a pad 
consisting of damped urethane.  It was determined that the existing surrogates were more complex and 
expensive than what was needed for chest protector evaluation.  The decision was made to pursue a 
simplified and inexpensive surrogate that would match the PMHS corridors. 
It was determined that the development of a new surrogate would be the best approached for 
the evaluation of chest protectors.  This was based on two key results of the research effort.  The first 
reason was based on the lack of biofidelity of the current surrogates. The second was the inability of the 
current surrogates in measuring the impact force. Since this was the injury criterion with the best 
predictive ability for commotio cordis, it was deemed as an essential aspect of the surrogate.  
6.3 Development of a New Surrogate 
Since peak impact force has proven to be the best predictor of VF in animal specimens, the new 
Sports Specific Thoracic Surrogate (SSTS) was designed to measure this.  It was based on existing 
106 
 
 
technologies, but consists of a new design specific to sports impacts.  The force deflection curves of the 
existing surrogates indicated these curves are dependent on the soft foam and rubber coverings, not on 
the rib properties or their compression.  Three linear load cells were mounted to a contact surface that 
mimics the human response.  Various sized torso models were created to house the load cell.  The torso 
models will allow for athletic equipment to be attached as they would in the field.  The various sizes 
account for different equipment sizes.   
Three single axis load cells were mounted between a rigid plate and a contact surface that 
mimics the human response.  A chest impact surface was created to mimic the known impact conditions 
and response using damped urethane.  Five different stiffnesses of damped urethane were created.  
These materials were tested to determine the best fit to the PMHS corridors.  Each condition was 
repeated five (5) times and averaged.  The instrumented projectile was used to ensure the load cell 
measurements matched those previously measured.  The load cell and projectile data were collected 
using TDAS at 10,000 Hz, as in previous surrogate tests.   
The SSTS consists of four parts: loading surface, load cells, rigid mounting structure, and back 
plate.  The loading surface is constructed of a damped urethane and a hard plastic at thicknesses of 4.04 
mm (1.59”) and 0.79 cm (0.31”) respectively.  The area of the loading surface is 458 cm2 (71 in2).  It 
covers the frontal thorax from the sternal notch to the xiphoid process.  The loading surface is divided 
into two parts, cardiac and distributed.  Since impact location has proven to be a factor in CC, load in the 
area of the cardiac silhouette is critical.  There is one load cell that measures the concentrated load, and 
two that measure distributed load.  Distribution of the impact force over a larger area has also been 
correlated to the effectiveness of chest protectors (Drewniak, Spenciner et al. 2007).  These loads cell 
will measure load applied to other areas of the chest.  The two measurements, cardiac and distributed, 
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allow evaluation of how well equipment directs impact loads away from the heart and how well it 
absorbs energy.  All the load cells are attached to the rigid mounting structure through the load cell.  
The rigid mounting structure is designed such that the other three components can be combined into 
one surrogate and so the surrogate can be mounted to a linear trolley system.  The back plate allows for 
athletic equipment to be attached as they would in the field.  Different views of the surrogate are shown 
in Figure 55 to Figure 58. 
 
 
Figure 55: New Sports Specific Thoracic Surrogate Front View 
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Figure 56: New Sports Specific Thoracic Surrogate Behind Loading Surface View 
 
Figure 57: New Sports Specific Thoracic Surrogate Side View 
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Figure 58: New Sports Specific Thoracic Surrogate Bottom View 
 The surrogate was tested in the same loading conditions as the other surrogates.  All four (4) 
impact conditions were tested.  When possible, five (5) iterations were conducted at each condition.  
The low-speed conditions (30 and 40mph) were tested first with different urethane pads on the 
surrogate.  The three (3) best pads were tested at 50mph, and only the best overall pad was tested at 
60mph.  Five (5) iterations were conducted for the low-speed events, and three (3) iterations were used 
for the high-speed conditions.  The force-time and force deflection plots for all four (4) conditions are 
contained in the following figures (59-66) for the three (3) best pads tested (0A, 0F, and 0F1).  These 
pads are made of damped urethane and foam.  They differ in the percent of foam contained in the pad. 
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Figure 59: Force Time for SSTS with Various Pads 30mph Response 
 
Figure 60: Force Time for SSTS with Various Pads 40mph Response 
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Figure 61: Force Time for SSTS with Various Pads 50mph Response 
 
Figure 62: Force Time for SSTS with Various Pads 60mph Response 
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Figure 63: Force Deflection for SSTS with Various Pads 30mph Response 
 
Figure 64: Force Deflection for SSTS with Various Pads 40mph Response 
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Figure 65: Force Deflection for SSTS with Various Pads 50mph Response 
 
Figure 66: Force Deflection for SSTS with Various Pads 60mph Response 
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 Pad 0F performed the best of all the pads tested.  The results from the impacts with this pad 
were used to evaluate the external biofidelity of the sports thoracic surrogate.  The surrogate performed 
better than  the three (3) existing surrogates in all conditions.  The sports thoracic surrogate had 
external biofidelity values less than one (1) for the low-speed impacts.  The biofidelity score for the 
30mph and 40mph conditions were 0.563 and 0.519 respectively.  The biofidelity score increased for the 
high-speed conditions to 1.529 for the 50mph condition and 4.856 for the 60mph impact condition.  This 
resulted in a total external biofidelity score of 1.274 for the sport thoracic surrogate. 
 The internal biofidelity was measured by comparing the load measured within the surrogate to 
the load measured on the projectile.  These data were compared using the impactor load described in 
previous chapters and the sum of the load measured by the three (3) internal surrogate load cells.  Since 
the Endevco 7270 accelerometer had a higher frequency response than that of the Interface SSM-AJ-750 
surrogate load cells, the data were filtered using a CFC120 Hz filter.  The maximum values for each event 
were correlated using Minitab 16.0.  The correlation had a Pearson’s R2 = 0.971 (p < 0.001).  The load 
measured by the load cells was 0.7816*projectile load.  This allows the internal load to be used in the 
evaluation of equipment.  Only the peak value will be used as an injury criterion, and the correlation of 
the force with respect to time and deflection are not relevant for the internal biofidelity. 
 Using the linear equation for correlating the external and internal force measurements, a new 
injury risk curve for internal force measurements can be computed. 
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6.4  Limitations 
 As stated in the previous chapter, there is limited PMHS data available for the 50 and 60mph 
impacts.  The surrogate was less biofidelic in these conditions, and the total biofidelity ranking was more 
dependent on the lower speed events based on the number of tests at each condition.  The biofidelity 
ranks exceeded 1 for these impact conditions and it is possible that a new pad material could be 
validated that is more biofidelic in the high-speed events. 
The surrogate is limited in size.  The back plate can be changed to accommodate different sizes of 
equipment, but the loading surface remains the same for all sizes.  
 The load scaling was computed based on a limited data set.  This data indicates a linear 
relationship with a high level of correlation.  However, when the surrogate is used to test equipment, 
the injury risk curve is a scaled curve.  This scaling is based on seventeen (17) impacts. 
6.5 Discussion and Conclusions 
 A biofidelic surrogate was developed for thoracic lacrosse ball impacts.  A new surrogate was 
required due to the unique loading conditions in sports.  Existing surrogates were tested to evaluate 
their external biofidelity rank for lacrosse ball impacts.  Three (3) surrogates (Hybrid III 10 year old, 
Hybrid III 5th Female, and 3-Rib) were impacted using the four (4) conditions described in previous 
chapters.  The Hybrid III 10 year old, Hybrid III 5th Female, and 3-Rib surrogates had external biofidelity 
rankings of 2.107, 2.767, and 3.576 respectively.  The external biofidelity rankings were not the only 
shortcomings of these surrogates that eliminated them as a viable option for sports thoracic impacts.  
None of the existing surrogates has a mechanism to measure loads/forces in the thorax.  They all lack 
internal biofidelity, or the ability to measure the injury criterion within the surrogate.  The Hybrid III 
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surrogates are also designed for distributed loads to the thorax.  These conditions require the inclusion 
of ribs, which were deemed unnecessary for the sports thoracic impact conditions.  The 3-Rib was 
designed for high-speed small surface area projectiles, but anatomical dimensions were not considered 
in its design.  The surrogate has a small loading surface and does not include shoulders or any means to 
attach equipment.  This makes the 3-Rib ineffective for testing sports chest protectors.  The limitations 
of the existing surrogates in external biofidelity, internal biofidelity, and anatomical design resulted in 
the development of a new sports thoracic surrogate. 
 The sports thoracic surrogate is more biofidelic than the existing surrogates tested in these 
conditions.  The SSTS performs better at the lower speeds having an external biofidelity of 0.563 and 
0.519 at 30 and 40mph respectively.  The biofidelity is higher at the higher velocities: 1.529 and 4.856 at 
50 and 60mph.  The total external biofidelity rank for this surrogate is 1.274.  This value is lower than 
seventeen (17) of the eighteen (18) external biofidelity ranks reported by Rhule et al. (Rhule, Maltese et 
al. 2002).  The three (3) surrogates previously tested by Rhule were whole body surrogates with five (5) 
body regions.  This surrogate with a single body region and single external biofidelity measurement 
should perform better than more complicated surrogates.  It has a lower (better) overall rank than all 
three (3) surrogates tested by Rhule.  The SID-HIII, ES-2, and WorldSID have overall external biofidelity 
ranks of 3.8, 2.7, and 2.5 respectively (Rhule, Maltese et al. 2002).  These overall values are based on the 
five (5) body regions (Head/neck, shoulder, thorax, abdomen, and pelvis).  The three (3) thoracic 
external biofidelity ranks can be compared to the sports thoracic surrogate to compare one region.  
These values for the SID-HIII, ES-2, and WorldSID are 6.1, 3.2, and 2.1 respectively.  The sports thoracic 
surrogate has a lower rank than the thoracic rank of these three (3) accepted biomechanical surrogates.  
The only external biofidelity rank value reported by Ruhle et al. that was lower than the rank for the 
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sports thoracic surrogate was the Head/neck region of the SID-HIII with a value of 1.0 (Rhule, Maltese et 
al. 2002).  These data indicate that the sports thoracic surrogate has external biofidelity that exceeds the 
biofidelity of existing biomechanical surrogates currently accepted by the automotive industry and in 
use in certification testing.  This surrogate benefits from a singular measurement.  The side impact 
dummies referenced were tested by Rhule et al. in different regions utilizing various internal and 
external measurements, including measurements that the surrogates were not originally designed.  This 
may artificially increase the biofidelity rank of the surrogates compared to the SSTS.  However, the SSTS 
has biofidelity rank below 1 for the 30 and 40mph impacts.  The 60mph condition has an elevated 
biofidelity rank.  It would be recommended that the surrogate be tested at 50mph or less.  This will 
utilize loading conditions which the surrogate is most biofidelic.  This does not encompass the full range 
of ball speeds observed in lacrosse.  This is typical in equipment testing.  Baseball helmets are tested at 
55mph, for example.  It is expected that this surrogate will be effective in evaluating the efficacy of chest 
protectors in lacrosse at 50mph and below.  It is also possible that the 60mph performance will be 
superior to the reported biofidelity when equipment is placed over the surrogate.  The addition of 
equipment that absorbs impact load could improve the biofidelity of the surrogate at higher speeds.   
 This surrogate has the ability to measure loads internally.  The internal load measurements were 
correlated to the external measurements made with an instrumented projectile.  A linear equation was 
derived to correlate these loads.  This equation is defined by Internal load = 0.8102*(External Load).  
This correlation was statistically significant (p <0.001) with an R2 value of 0.8392.  This correlation 
removes the need for an instrumented projectile.  It also creates an adjusted injury risk curve.  This risk 
curve is based on the risk curve from Chapter 4 and the correlation between internal and external load 
measurements.   
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 The surrogate load cells also allow for two measurements to be made. The load can be 
measured at the cardiac silhouette and across the surface of the chest.  This allows the measurement of 
a local, cardiac load and a load that is distributed across the chest.  It is anticipated that chest protectors 
will offer two (2) types of protection: load absorption and load dispersion.  This surrogate will be 
capable of measuring the efficacy of chest protectors to direct the impact force away from the cardiac 
silhouette and their ability to absorb the impact force. 
 The surrogate can also easily be integrated into existing NOCSAE test equipment.  It can be 
mounted to a linear trolley system similar to how the NOCSAE headform is mounted for projectile 
helmet testing (Baseball, Softball, etc.).  The load cells are piezoresistive sensors that can be connected 
to virtually any data acquisition system. 
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Chapter 7 - TESTING OF CHEST PROTECTORS WITH SSTS 
7.1 Introduction 
In order to improve participant protection in lacrosse, the current level of protection must be 
measured.  The equipment is being evaluated based on the physical measurements and its ability to 
attenuate and distribute impact loads.  Equipment moves in relation to the player when in use.  This 
motion makes the dimensional properties of the equipment critical to its protective properties.  
Therefore, the coverage area of the equipment over the chest needs to be measured to determine if 
minimum requirements are necessary.  The equipment coverage is only effective if it is a location that 
attenuates and distributes the impact load.  Based on the newly developed surrogate, equipment will be 
tested to determine its ability to absorb impact forces and direct them away from the cardiac silhouette.   
The impact load will be measured in the cardiac region and distributed across the anterior thorax. 
7.2 Test Methods 
 A thorough sample of existing equipment (78 samples) was included from ten (10) lacrosse 
manufacturers.  Each of the samples was evaluated according to their physical measurements and their 
performance in impact tests.  The physical measurements were utilized to evaluate coverage.  Case 
studies have shown that CC has occurred while people were wearing protective equipment that did not 
cover their pericardium while participating in the sport (Maron, Doerer et al. 2006; Maron, Doerer et al. 
2009).  Ensuring that protective equipment provides sufficient coverage is a critical step in equipment 
evaluation.  The equipment was also evaluated on its ability to absorb energy and deflect impact forces 
away from the heart.  The cardiac load was used as the primary criterion, but the distributed load and 
total load were also used to evaluate the equipment. 
120 
 
 
7.2.1 Physical Measurements 
  Protective equipment was measured to evaluate the coverage area it provides.  The 
equipment was placed such that the chest portion of the pad is flat, and still photos taken with a photo 
scale.  The photos were evaluated using ImageJ software (Bethesda, MD) to measure the overall 
thoracic coverage area.  In addition to the overall coverage area, the maximum and minimum height and 
width of the protector were recorded.  Calipers were used to measure the maximum and minimum 
thickness of the materials. 
The whole surface area of the equipment was not measured.  Only the materials that cover the 
anterior surface of the thorax were measured.  The equipment included in the study consisted of both 
chest protectors and shoulder pads.  Some of the equipment was designed to protect more of the body 
than the chest.  The top of the chest protection area was defined by a horizontal line through the lowest 
point on the neck of all equipment.  Also, if equipment contains pads that provide lateral protection 
these pads were excluded from coverage area.  These pads are typically separated from the anterior 
protective pads by a seam in the equipment. 
 Protective equipment is often made of multiple layers of various materials.  This requires 
different parts of the equipment to be treated differently.  Areas with hard shell protection are different 
than those with simply soft padding.  The total coverage area was separated into soft coverage and hard 
coverage for equipment that contained both.  Also the maximum and minimum thickness of the 
material was recorded.  Appendix A contains a table of the physical parameters collected on all the 
sample equipment collected.  These measurements were used during the impact testing to determine 
the impact locations. 
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The measurements conducted in this portion of the testing were used in the impact tests.  The 
maximum and minimum thickness as well as the location of harder materials provided insight about the 
equipment’s impact protection abilities.  These measurements helped identify areas of optimal and 
minimal protection for equipment.  These areas were targeted in the impact testing. 
7.2.2 Impact Testing 
 Equipment was impacted with lacrosse balls at various locations and speeds.  The same 
projectile launcher system described in previous chapters was used to launch the lacrosse ball, and the 
equipment was fitted onto the SSTS.  Load cell data was collected using TDAS data acquisition system at 
10KHz.  Equipment was first impacted in a location that lies directly over the heart when worn properly.  
The equipment was impacted in two additional locations.  These locations were estimated maximal and 
minimal protection locations.  These locations were determined based on the thickness and hardness of 
materials on each piece of equipment.  The locations were labeled the best and worst protective 
locations.  The best location was defined as the center of the largest hard plastic or rubber section of the 
pad if it had any.  If it did not contain hard materials, the center of the thickest pad was used.  The worst 
location was defined by the lack of any hard materials and a thin layer of padding.  Long seams in the 
padding were also used to define the area of worst protection provided by each piece of equipment. 
 At each of these three locations, pads were tested at two (2) speeds.  The pads were tested and 
30 and 50mph.  These speeds have been used throughout the development and validation of the 
surrogate.  Impacts at the same speed without pads served as the control.  This allowed researchers to 
evaluate the pads in reference to one another, and compared to no protection.  A percent reduction in 
force was calculated using the control conditions.   
122 
 
 
Table 10: Impacts to Equipment 
  Speeds 
Locations 30mph 50mph 
Cardiac 10 10 
Best 10 10 
Worst 10 10 
 
 These test variables create a matrix of six (6) impact conditions for each piece of equipment (3 
locations x 2 velocities = 6).  Ten (10) impacts were conducted for each condition, for a total of 60 
impacts for each piece of equipment.  This provided a robust amount of data to observe performance 
for each piece of equipment.  With the large amount of equipment, it was not expected that statistical 
significance would be measured between chest protectors.  This test series provides an extensive 
knowledge of the level of protection available.  It also provides average performances for each piece of 
equipment.  A subgroup was created to allow for statistical significance between chest protectors to be 
evaluated.  Goalie chest protectors were compared at the 30 and 50mph cardiac conditions.  The 
smaller size of this subgroup allowed for an ANOVA to be conducted with SPSS 19.   
 Four (4) criteria were used to evaluate the equipment.  The coverage area from the physical 
measurements is the first criterion.  The coverage area was also divided into three groups based on 
different materials (Soft foam, rubber, and hard plastic).  The other three (3) criteria are impact forces 
measured by the SSTS.  The cardiac load, measured behind the cardiac silhouette with one load cell is 
the primary impact criterion.  The third criterion is the distributed load, which is the sum of the other 
two (2) load cells in the SSTS.   The final criterion is the total load measured by the sum of all three (3) 
load cells in the SSTS.  The maximum value for each event was tabulated for all three (3) impact criteria.   
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7.3 Results 
7.3.1 Physical Measurements 
 The physical measurements varied greatly depending on the type of equipment.  The equipment 
included in the test series were shoulder pads, goalie chest protectors, and smaller cardiac protectors.  
The average coverage area for lacrosse shoulder pads was 583.6 cm2 with a minimum of 281.4 and a 
maximum of 902.7 cm2.The average area of the goalie chest protectors was 1204.5 cm2 with a minimum 
of 479.9 and a maximum of 1726.8 cm2.  Cardiac protectors were provided by one manufacturer in a 
range of sizes (XS, S, M, L, &XL).  These protectors had an average coverage area of 347.1 cm2 with a 
minimum of 240.6 and a maximum of 439.2 cm2.  Some of the equipment included hard plastic in the 
chest coverage.  Thirty-one (31) of the 54 shoulder pads included hard plastic while 19 of the 24 chest 
protectors included hard plastic.  The thickness of the protection also varied greatly.  The minimum 
thickness for the shoulder pads was 0.30mm and the maximum was 46.46mm.  For the chest protectors 
the minimum thickness was 3.06mm and the maximum was 58.00mm.  All of the measurements can be 
found in Appendix A.  
7.3.2 Impact Testing 
7.3.2.1 30mph Cardiac Condition 
The average cardiac load measured in the surrogate for 30mph impacts directed at the cardiac 
silhouette without protective equipment was 562.2 N.  This correlates to a risk of 3% of CC.  The average 
distributed load and total load in this impact condition were 61.6N and 536.1N respectively.  A total of 
70 pieces of equipment were tested in this condition.  The average cardiac load with equipment was 
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332.7N.  This is a 40.8% reduction in load at the cardiac load cell.    The average distributed load 
increased to 192.1N, while the total load slightly decreased to 518.4N (3.3% reduction).   
These data indicate that the equipment is spreading the load across the chest.  More of the load 
is being applied to areas besides the cardiac silhouette.  Also, the equipment is doing little in this 
condition to attenuate the total impact energy or load.  Observing the cardiac load, the equipment is 
reducing the risk of CC from 3% to 1%.  The average results for all the equipment is listed below (Table 
11). 
Table 11: Summary of Lacrosse Equipment 30mph Cardiac Impact Tests 
Pad 
 
Cardiac 
Mean 
(N) 
 
 
Distributed 
Mean 
(N) 
 
 
Total 
Mean 
(N) 
 
 
Pad 
 
Cardiac 
Mean 
(N) 
 
 
Distributed 
Mean 
(N) 
 
 
Total 
Mean 
(N) 
 
1 262.74 236.81 498.46 
 
53 315.37 235.68 542.63 
2 398.27 160.13 541.42 
 
58 386.72 200.36 579.65 
4 281.17 272.49 552.49 
 
59 350.73 199.87 541.63 
5 358.52 169.65 526.26 
 
60 356.33 233.95 589.60 
6 329.80 170.51 493.81 
 
61 353.95 167.05 515.80 
7 353.65 173.09 514.83 
 
62 282.02 275.75 539.04 
8 357.32 146.11 494.00 
 
63 323.90 246.14 569.59 
9 322.52 197.14 515.50 
 
64 235.38 323.79 544.26 
10 314.28 289.95 596.98 
 
65 244.49 260.10 500.06 
11 348.95 193.91 534.08 
 
66 304.94 248.18 534.00 
12 294.69 240.31 532.82 
 
67 321.34 254.99 568.01 
13 282.08 238.43 519.16 
 
68 306.77 235.10 538.68 
14 283.53 257.92 539.45 
 
69 366.69 192.01 538.51 
15 350.17 203.08 545.52 
 
71 457.14 146.98 603.56 
16 341.34 180.91 509.14 
 
72 243.36 203.63 446.35 
17 254.19 232.76 483.39 
 
73 288.59 273.50 556.44 
18 345.40 226.75 561.39 
 
75 442.42 108.31 544.01 
19 382.50 118.21 491.12 
 
77 350.90 131.76 477.03 
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Pad 
 
Cardiac 
Mean 
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Distributed 
Mean 
(N) 
 
 
Total 
Mean 
(N) 
 
20 329.40 153.48 480.37 
 
78 346.72 134.45 478.61 
21 428.76 87.85 509.98 
 
79 361.07 185.07 548.75 
22 364.31 120.81 473.67 
 
80 378.18 179.71 556.32 
23 394.92 98.10 487.04 
 
81 388.81 133.31 512.81 
24 326.29 241.13 555.27 
 
82 308.55 172.55 470.44 
25 374.28 166.11 532.57 
 
83 471.34 126.74 593.48 
26 410.49 123.93 531.44 
 
84 368.63 210.91 574.71 
27 384.60 184.22 566.03 
 
85 369.05 155.03 511.41 
43 367.39 203.87 568.20 
 
86 350.15 171.20 519.23 
44 243.86 190.50 431.78 
 
87 359.23 187.61 546.17 
45 228.01 178.53 399.55 
 
88 348.40 184.50 521.21 
46 334.09 143.41 473.37 
 
89 430.41 117.16 538.64 
47 271.79 167.72 431.92 
 
90 224.87 217.47 440.99 
48 345.72 171.34 511.58 
 
91 259.70 205.49 457.00 
49 336.25 216.04 544.77 
 
92 164.60 208.63 370.14 
50 352.09 125.68 470.95 
 
93 213.92 229.69 442.48 
51 342.22 192.94 532.09 
 
None 562.26 61.56 536.13 
52 300.39 240.33 531.37 
 
Total 332.71 192.07 518.35 
 
7.3.2.2 50mph Cardiac Condition 
Impacts directed at the cardiac silhouette at 50mph without protection had an average 
surrogate cardiac load of 1,435.3N.  This correlates to a 21% risk of CC.  The average distributed load and 
total load for this condition were 169.6N and 1369.1N respectively.  A total of 69 pieces of equipment 
were tested in this condition.  The average cardiac load with equipment was 849.9N.  This correlates to a 
7.3% risk of CC.  Similar to the 30mph cardiac impact condition, the distributed load increased with 
equipment to 407.3N.  The average total load with equipment decreased to 1086.3N.  This is a 20.65% 
reduction in total force. 
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These data indicate that the equipment is spreading the load across the chest and attenuating 
the impact load.  The equipment is directing the impact load away from the cardiac silhouette.  This can 
be seen in a 40.8% reduction in cardiac load with equipment.  The equipment is also working to 
attenuate impact energy.  This can be observed in the 20.7% reduction in total load.  The results for all 
the equipment tested are listed below (Table 12). 
Table 12: Summary of Lacrosse Equipment 50mph Cardiac Impact Tests 
Pad 
 
Cardiac 
Mean 
(N) 
 
 
Distributed 
Mean 
(N) 
 
 
Total 
Mean 
(N) 
 
 
Pad 
 
Cardiac 
Mean 
(N) 
 
 
Distributed 
Mean 
(N) 
 
 
Total 
Mean 
(N) 
 
 1 761.82 164.18 761.61 
 
52 572.13 588.56 936.60 
2 1353.57 203.90 1211.61 
 
53 707.56 528.81 1093.98 
3 1062.33 157.05 1066.03 
 
54 931.16 181.51 1054.21 
4 885.34 285.21 869.79 
 
58 714.02 526.43 1224.46 
5 854.06 226.06 882.21 
 
59 535.39 610.56 959.82 
6 1017.61 236.47 1041.37 
 
60 974.56 412.73 1218.03 
7 1075.96 197.20 1030.32 
 
61 1097.62 148.89 1067.93 
8 1093.76 222.49 1024.93 
 
62 848.70 241.74 906.83 
9 1047.75 262.67 1030.70 
 
63 781.07 626.93 1364.56 
10 992.79 143.95 972.80 
 
64 705.77 777.55 1420.54 
11 1059.51 132.43 1041.01 
 
65 636.68 512.88 1136.98 
12 874.09 355.42 1121.59 
 
66 1003.39 268.50 996.13 
13 818.07 349.73 1019.94 
 
67 1178.93 254.36 1120.01 
14 842.34 333.86 874.49 
 
68 932.69 197.22 965.37 
15 709.30 436.15 988.79 
 
69 987.13 224.21 1024.25 
16 808.19 528.93 1138.42 
 
70 968.38 302.59 1126.70 
17 742.77 295.62 909.33 
 
71 1003.93 360.69 1063.92 
18 951.61 466.61 1171.86 
 
72 648.49 581.80 1175.44 
19 976.69 426.11 1115.23 
 
73 806.37 539.70 1261.71 
20 652.80 567.95 971.79 
 
75 1519.11 276.57 1638.26 
21 574.15 734.30 1026.66 
 
77 771.37 308.62 872.61 
22 709.09 581.36 1028.09 
 
78 930.80 262.46 988.11 
23 707.07 579.95 1030.89 
 
79 927.34 194.34 961.24 
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Mean 
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Total 
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24 539.63 660.40 961.49 
 
80 769.88 545.48 1278.56 
25 751.51 637.56 1103.20 
 
81 719.72 601.57 1313.09 
26 727.77 511.65 1077.71 
 
82 755.69 433.47 1151.26 
27 701.44 621.54 1132.47 
 
83 697.32 521.12 1214.31 
43 1126.90 203.86 1108.82 
 
84 780.01 722.35 1410.28 
44 658.10 383.18 928.00 
 
85 821.47 289.89 907.68 
45 824.46 259.96 958.94 
 
86 727.98 526.42 1251.00 
46 690.49 476.71 945.35 
 
87 687.39 502.39 1178.99 
47 550.79 473.31 876.57 
 
88 1007.68 350.87 1325.53 
48 823.15 521.35 1184.37 
 
89 1036.53 415.32 1354.34 
49 772.89 572.75 1200.58 
 
None 1435.32 169.60 1369.08 
50 529.75 677.73 960.16 
 
Total 849.87 407.32 1086.32 
51 601.55 618.93 943.72 
      
7.3.2.3 Best Condition 
The best condition was defined by the location on the equipment that was the center of the 
largest piece of hard plastic, or the thickest piece of padding.  In eighteen (18) cases the best location 
was the same as the cardiac location.  This indicated that some equipment is designed for maximal 
protection at the cardiac silhouette.  Because the best location varies with each piece of equipment, 
only total load was used to evaluate these conditions.  A total of 50 pieces of equipment were tested in 
the best locations (excluding equipment where best was at cardiac).  The average total load for 30mph 
impacts in this condition is 465.7 N.  This is a 13.1% reduction in total force for this condition.  This 
indicates that the equipment is attenuating impact load at its best location.  The average total force for 
the best condition at 50mph is 1,209.8N.  This is an 11.6% reduction in total force compared to 50mph 
at the cardiac without any protection.  If the cases in which the cardiac is the best protection are 
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included, the average total force for best is reduced to 1,178.3N.  This improves the load attenuation to 
a 14% reduction in total load.  A full summary of these results is included in APPENDIX B and C. 
 These data indicate that the best condition offers impact attenuation at both 30 and 50mph.  
However, it appears that the best location may not actually provide the most impact attenuation.  This 
could be due to the best being defined as the center of the largest hard plastic piece on the chest 
protector.  The hard plastic could be transferring the load to the surrogate instead of an area of soft 
padding that attenuates the impact load. 
7.3.2.4 Worst Condition 
 The worst condition was defined as the location without any hard plastic protection, and the 
least amount of padding.  In many cases this location was defined by a seam in the padding.  There were 
two (2) pieces of equipment that the worst and the cardiac were the same location.  In both cases, the 
equipment was uniform, and the cardiac location had the same protection as the rest of the equipment 
coverage area.  In the same manner as the best condition, only total load was used to evaluate the 
equipment in the worst impact location.  A total of sixty-six (66) pieces of equipment were tested in this 
condition (excluding the 2 where worst was at the cardiac).  For the 30mph impacts in the worst location 
the average total load was 401.1N.  This is a 25.2% reduction in load compared to no protection at the 
cardiac location.  The average total load for the 50mph impacts at the worst location was 1,135.5N.  This 
reduction in total force is 17.1% of the total load for the cardiac impact location without protection.  A 
summary of all the results for the Worst condition is included in APPENDIX D and E. 
 These total load values for the worst condition appear to be superior to the best impact 
location.  This again could be due to the hard plastic having a negative affect rather than a positive one 
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on the amount of load transferred to the surrogate.  Also, the best condition is typically in the center of 
the chest, while the worst location was far from the center of the surrogate.  This distance from the 
center of the surrogate could diminish the amount of total load measured by the surrogate. 
7.3.2.5 Goalie Chest Protectors 
 Goalie chest protectors were separated into a subgroup for comparison.  Goalies are the players 
most often struck by the ball in lacrosse due to the nature of their position.  A total of 24 pieces of 
equipment were included in this group.  This included equipment from seven (7) manufacturers.  One of 
the manufacturers is a non-sport specific vest.  The other equipment is all specific chest protectors for 
lacrosse goalies.  One manufacturer also included five sizes of the same equipment, and not all of them 
were included in the impact test series.  A total of 20 of these protectors were tested at 30mph and 17 
were tested at 50mph.  Items were excluded from the impact tests if they were different sizes of the 
same model, as previously discussed.  Also, one of the manufacturers sent equipment after testing had 
begun.  This equipment was not included in the 50mph cardiac tests, because that testing had been 
completed prior to receiving the new equipment. 
 A smaller subset of these data was created by eliminating equipment from the same 
manufacturer with similar performance.  A maximum of two (2) samples were included from each 
manufacturer.  This subset of ten (10) samples was used for a statistical analysis.  All of this equipment 
provided a statistically significant improvement compared to no protection at both 30 and 50mph.  The 
level of protection offered by the pads varied greatly.  The range of peak cardiac load with protection 
was from 386.7 to 164.6N for the 30mph impacts.  This is a 31% to a 70% reduction in cardiac load.  This 
data indicates that all the equipment provides protection, but that there is a possibility for 
improvement. 
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 There were similar results for the 50mph impacts.  The cardiac load with equipment ranged 
from 1,126.9 to 529.8N.  This correlates to a 22% to a 63% reduction in cardiac load.  An important item 
to note is that the same equipment did not perform the best in the 30 and 50mph impacts.  It appears 
that these two impact velocities require different materials to offer optimal CC protection.  An ideal 
chest protector would incorporate a combination of padding from the best performers in both 
conditions.  Unfortunately the best performers in the 30mph cardiac tests (90, 92, & 93) were newer 
models than the other equipment tested.  These items were not tested in the 50mph condition.  It is 
possible that they would have also performed well in this condition.  Graphs of the performance at 30 
and 50mph are shown in Figure 67: Goalie Chest Protector Peak Cardiac Load at 30mphFigure 67 and 
Figure 68. 
 
Figure 67: Goalie Chest Protector Peak Cardiac Load at 30mph 
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Figure 68: Goalie Chest Protector Peak Cardiac Load at 50mph 
 A statistical analysis was performed on a subset of this equipment.  The best and worst 
performer from each manufacturer was chosen for each condition.  This reduced the equipment list to 
ten for the 30mph impacts and 11 for the 50mph impacts.  A one way ANOVA was performed using SPSS 
19.0.  The results of these statistical analyses are shown in Figures 69 and 70.  The cells marked in yellow 
are the ones that are statistically significantly different ( p < 0.05).  The cells in grey are comparisons that 
are not statistically significant.  The black colored cells on the lower left of the tables are comparisons 
that are duplicated above the diagonal.  The results of these comparisons are in yellow and grey in the 
upper right cells of the tables. This table shows that all the equipment provides a significant 
improvement from no protection.  Also, pad 92 has a significantly lower cardiac load than the other 
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equipment.  After pad 92, there are three pieces that provide similar performance: 17, 65, and 72.  The 
rest of the equipment in this subgroup (19, 20, 43, 50, 58, and 79) has a slightly lower level of 
protection.   When comparing the equipment performance to manufacturer, there is no company that 
has superior or inferior protection across product lines.  Also, comparing the performance to the pads’ 
hard plastic coverage area does not provide any correlation.   
  
133 
 
 
 
Pad/Pad None 17 19 20 43 50 58 65 72 79 92 
None                       
17                       
19                       
20                       
43                       
50                       
58                       
65                       
72                       
79                       
92                       
Figure 69: Results of 30mph Statistical Analysis (Yellow = statistically significant, Grey = Not statistically 
significant) 
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Pad/Pad None 4 19 20 43 44 50 54 58 65 72 79 
None                         
4                         
19                         
20                         
43                         
44                         
50                         
54                         
58                         
65                         
72                         
79                         
Figure 70: Results of 50mph Statistical Analysis (Yellow = statistically significant, Grey = Not statistically 
significant) 
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7.4 Limitations 
 Some equipment was broken during the impact testing (item 3, 70, 72, 73, and 74).  This 
equipment had pieces of hard plastic fracture during testing.  This equipment was removed from testing 
after the damage was observed. Three (3) of the five (5) protectors that cracked were from one (1) 
manufacturer (70, 73 and 74).  This indicates that this manufacturer’s design is not robust enough to 
handle the rigors of regular use.  Also, some equipment that was included in the measurement table 
was not included in the impact testing.  This equipment was duplicate models in varying sizes.  An effort 
was made to test the largest size and the smallest size to determine if there was a difference between 
impact protection based on equipment size. 
 One equipment manufacturer submitted equipment during the test series.  This equipment 
(items 90-93) was included in the test series in place of the previously submitted equipment (items 43-
45).  Items 43-45 were tested in the cardiac impact conditions.  Items 90-93 were tested in the best and 
worst conditions.  Both sets of equipment were tested in the 30mph cardiac impacts.  
 These impact conditions do not encompass the maximum speed of lacrosse balls during 
participation.  A lacrosse ball can exceed 100mph during practice and games.  The speeds used in this 
study have been identified as ones most likely to induce VF in an animal model.  The surrogate was also 
validated at these velocities, and it is unknown what the human response is to lacrosse ball impacts at 
higher speeds.  It could be possible to test chest protectors with this surrogate at higher impact speeds, 
but the level of biofidelity of the surrogate is unknown in these conditions.  Also, the load cells within 
the surrogate would limit the measurement of impact load without protection.  The load cells are rated 
to 750 lbf. (3,336N), and high-speed impacts without protective equipment on the SSTS could overload 
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the load cells.  The speed used in this equipment validation is similar to that used in other equipment 
standards.  Baseball helmets for example are certified at 55mph.  
 There are limited results with statistical significance.  An ANOVA was only conducted on a subset 
of the goalie chest protectors (10 pieces of equipment).  These results show that the equipment 
provided a statistically significant level of protection compared to an unprotected surrogate (p<0.05).  
The large number of equipment tested was intended to provide a comprehensive evaluation of the 
current efficacy of equipment.  These results have proven effective in that goal.   
 The SSTS three (3) load criteria reported do not occur concurrently in the surrogate.  The 
maximum value during each impact event was tabulated for each criterion.  The peak cardiac load and 
peak distributed load may not occur at the same time.  This can be observed in the summary tables by 
noting the sum of cardiac load and distributed load do not equal the total load.  During an impact to the 
cardiac silhouette, the cardiac load increases while the other two (2) load cells have negative loads.  The 
negative loads are small in magnitude and duration.  They result from the three (3) load cells being 
mounted to the same structure.  The load is applied to the cardiac silhouette, and the load is transferred 
to the rigid mounting structure.  Since the other load cells are mounted to the same rigid structure, they 
are put in tension because their loading surface is experiencing a lesser load.  This results in the 
distributed load cells having a short duration and low magnitude load in the opposite direction as the 
cardiac load. 
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7.5 Discussion and Conclusions 
 Risk of CC is based on a statistical analysis performed using Minitab 16.0.  The original risk curve 
was developed using porcine impact data and the incidence of CC.  The surrogate load measurement is 
different than the load measured in the swine model.  However, a correlation of the surrogate load 
measurement and the impactor load measurement was conducted, and can be found in Chapter 6.   The 
injury risk curve that was calculated using the surrogate load is shown in Figure 71.  These injury risk 
curves were based on impacts directly over the cardiac silhouette, and occurring during a 20ms 
vulnerable period during the cardiac cycle. 
The actual risk of CC is actually less than that reported.  Since an impact event needs to occur 
during the vulnerable portion of cardiac cycle it is limited to 20msec per heartbeat.  It is unknown if this 
vulnerability window changes in duration as the heart rate increases.  An approximate per cent risk can 
be calculated assuming the widow duration does not change with increased heart rate.  Using a 
maximum heart rate of 220 beats per minute, a total duration of vulnerability can be calculated: 
Vulnerability time = (220 beats/min * 0.02secs vulnerability/beat)/60sec/min 
The result is a maximum total 7.3% vulnerability time.  If this estimation is used as a multiplier for the 
injury risk curve provided.  The true risk of CC is much lower than described in this report.   
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Figure 71: Injury Risk Curve for SSTS Cardiac Load 
 The equipment tested had lower cardiac loads than tests without any protection.  These results 
indicate that the equipment is offering some level of protection at both 30 and 50mph.  There was a 
larger difference in the total load at 50mph compared to 30mph.  These data indicate that the padding 
materials in the equipment absorb more impact load at the higher velocity.  The equipment was 
effective in dispersing the load at 30mph, but had minimal effect in limiting the total load. 
 The best and worst conditions did not have performance to match their descriptions.  The total 
load of the worst condition was lower than the best condition.  It is possible that the hard plastic and 
rubber worked to disperse the load, but did not effectively absorb impact load.  It is also possible that 
the location of the best and worst protection influenced the results.  The best location was often 
defined by a sternum protective plate.  This resulted in the best impact condition to be near the center 
of the surrogate.  The worst condition was on seams, and the seams far from the center of the 
surrogate.  
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The results of these tests could be utilized as the basis for Pass/fail criteria for a NOCSAE 
standard.  It is recommended that a standard uses 30 and 50mph impact velocities with a maximum 
cardiac load of 350 and 800N respectively.  These loads are associated with a risk of commotio cordis of 
1.1% and 7.3%.  It is expected that manufacturers would require some time to meet these requirements.  
A 3-year grace period could be used to allow manufacturers to test equipment and improve CC 
protection.  During this grace period, the pass/fail criteria for the 30 and 50mph impacts could be 400 
and 1000N, respectively.  These loads are associated with a risk of commotio cordis of 1.4% and 10.2%.  
Six (6) of the 70 pieces of equipment would not meet this requirement for the 30mph impacts.  Fifteen 
(15) of the 70 pieces of equipment tested would not meet this requirement.  
This standard could easily be applied directly to lacrosse chest protectors.  It is not expected 
that these pass/fail criteria could be used for other sport chest protector standards such as baseball.  
Research has shown that the stiffness of a projectile affects the risk of CC from that projectile (Link, 
Maron et al. 2002).  The injury risk curve developed here is specific to lacrosse balls.  However, it is 
expected that a more rigid projectile would create a higher impact force.  It is unknown how well 
projectile stiffness and impactor force correlate.  Another study showed that the size and shape of a 
projectile affect the incidence of VF in an animal model (Kalin, Madias et al. 2011).  This also limits this 
standard from being applied to other sports chest protectors directly.  There is another limitation that 
prevents this standard from being directly applied to other chest protectors.  The current level of 
protection in other sports is unknown.  
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 It is not possible to create a standard with pass/fail criteria without first knowing the 
effectiveness of the available protective products.  A study of baseball and softball chest protectors 
could be conducted with the SSTS to determine a current level of protection and pass/fail criteria for a 
standard could be created.  That standard would be limited by the fact that the surrogate was not 
validated under the same loading conditions.   
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Chapter 8 DISCUSSION CONCLUSIONS AND FUTURE WORK 
8.1 Discussion 
 Currently there is no standard for the efficacy of chest protectors in preventing commotio 
cordis.  Existing standards for automotive and ballistics thoracic impacts cannot be applied directly to 
sports impacts or CC protection.  CC results from localized impacts to a small region of the thorax, the 
cardiac silhouette.  Using the same techniques used in automotive and ballistics impact biomechanics 
research, a biomechanical assessment of lacrosse projectile impacts can be conducted. 
 A biomechanical assessment of four (4) impact conditions was conducted with a lacrosse ball 
impactor.  The conditions consisted of four (4) speeds that have proven effective in inducing CC in a 
porcine model: 30, 40, 50, and 60mph.  The impactor mass was 188.4 grams for the 30 and 40mph 
impacts.  The impactor mass was 214.5 grams for the 50 and 60mph impacts. 
 The first step in performing a biomechanical assessment of sports impacts and the incidence of 
CC was to identify an effective injury criterion.  Ten (10) criteria were evaluated for their ability to 
predict the incidence of CC in a porcine model.  The criteria included impact force, VC, chest 
compression, chest compression rate, left ventricular pressure, force*compression, impact impulse, 
momentum, kinetic energy, and impact power.  These are criteria that have historically been used as 
injury criteria in impact biomechanics.  Impact force was found to be the most effective injury criterion.  
An impact force of 1568N resulted in a 25% risk of CC. 
 The next step in the biomechanical assessment was the development of human response 
corridors.  Seven (7) PMHS specimens were impacted using the same impact conditions used with the 
animal model.  Human response corridors were created for force-time, deflection-time, and force-
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deflection for all four (4) impact conditions.  The data was normalized to the target population (15 year 
old male).   The normalized curves were averaged for all specimens and average human response 
corridors were created. 
 Once the human response was measured in these impact conditions, thoracic surrogates could 
be evaluated for their biofidelity.  The existing surrogates tested (Hybrid III 5th female, Hybrid III 10 Year 
old, and 3-Rib) had poor biofidelity (All Biofidelity Ranks >2).  The existing surrogates tested also lacked 
internal biofidelity for the injury criterion.  None of the surrogates can measure thoracic impact forces.  
A new Sports Specific Thoracic Surrogate (SSTS) was designed that was biofidelic (Biofidelity rank = 
1.274) for the impact conditions and included thoracic impact load measurement capabilities. 
 The SSTS was used to test existing lacrosse equipment to determine the current level of 
protection provided.  The equipment was tested at 30mph and 50mph and compared to impacts 
without any protection.  At 30 and 50mph the equipment offered a 40.8% reduction in cardiac load 
compared to no protection.  A statistical analysis was conducted on a subset of the protectors.  The 
subset included 1-2 goalie chest protectors from seven (7) of the manufacturers included in the study.  
The other three (3) manufacturers did not have a goalie chest protector included in the equipment 
tested.  A total of ten (10) chest protectors were included in the subset by including two (2) samples 
from manufacturers that provided multiple samples.  All of these protectors were found to have 
statistically significantly lower cardiac loads compared to no protection (p<0.05).  These data indicate 
that equipment dissipates impact forces and reduces the risk of CC.  This is contrary to a previous study 
by Weinstock et al. that found twelve (12) commercially available chest protectors did not provide a 
statistically significant reduction in the incidence of VF in an animal model (Weinstock, Maron et al. 
2006).  This difference in outcome can be explained by the limitations of the previous study.  First, the 
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equipment was not tested as designed in the Weinstock study.  A coupon was cut from each protector, 
and placed over the cardiac silhouette prior to impacting.  It is possible that the coupon does provide 
the same energy dissipation capabilities of the whole chest protector.  Second, there is specimen to 
specimen variability inherent to conducting animal tests that can confound results and limit statistical 
significance.  Finally, the measure of effectiveness was limited in the previous study.  The percent 
incidence of VF in an animal model was used to compare the equipment to the control.  The incidence of 
VF was 32% in the control and ranged from 22-49% in the equipment.  There were a total of 37 impacts 
for each protector and the control.  Achieving statistical significance with this limited data and criterion 
is difficult.  These limitations with existing CC models drove the development of a biomechanical 
surrogate.  A biomechanical surrogate provides an effective tool to evaluate equipment.  It is a 
repeatable test device with a continuous evaluation criterion. 
 Although the equipment proved to effectively reduce cardiac loads, it is unknown if these results 
will have clinical significance.  The incidence rate of CC is only 5-15 cases per year in all sports (Link and 
Maron 2005).  The average impact force measured in the porcine testing was 2368N, which equates to a 
risk of CC of 28%.  In the equipment tests the average cardiac load was 849.9N at 50mph compared to 
1435N without a chest protector.  This is large difference in load, but a small difference in risk.  The risk 
was decreased from 21% to 7.3%.  The reduction in actual risk is much lower considering these percent 
risk numbers assume timing within the vulnerable window.  Using a 20ms window at a maximum heart 
rate of 220 beats/min provide a 7.3% probability of impacting during the vulnerable timing window.  
Multiplying the percent risk in ideal conditions by the probability of impacting in the vulnerable window 
give risks of 1.5% and 0.5% without protection and with it.  The risk is reduced by 1% instead of 13.7%.  
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However, the equipment tested has not been designed with consideration for CC protection.  It is 
possible that more effective equipment could be designed using the SSTS as a development tool.   
 A chest protector standard could provide the impetus for equipment manufacturers to include 
CC protection as a design consideration.  These results have been provided to the NOCSAE technical 
group.  Recommendations have been made to this group for standard with a 3-year grace period.   The 
standard would be introduced with pass/fail thresholds that are currently being met by the majority of 
manufacturers.  This would force all equipment manufacturers to include CC protection in their designs.  
The few with equipment lacking CC protection efficacy would improve their products.  At the end of the 
grace period the standard would become more stringent.  This would push manufacturers to develop 
chest protectors with more effective CC protection.  The enforcement of this type of standard could 
improve the CC protection provided to athletes.  After new designs are implemented, the societal effect 
could be measured. 
8.2 Conclusions 
1) Impactor force was found to be the most effective injury criterion for predicting the incidence of 
VF in porcine specimens. 
2) Human response corridors were created for thoracic lacrosse ball impacts.  These corridors 
include force-time, deflection-time, and force-deflection curves. 
3) Existing thoracic biomechanical surrogates were evaluated for their applicability in these loading 
conditions.  None of the existing surrogates tested (Hybrid III 5th female, Hybrid III 10 Year old, 
and 3-Rib) were designed to measure thoracic load internally.  The existing surrogates also did 
not match the human response corridors developed. 
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4) A new Sports Specific Thoracic Surrogate (SSTS) was designed and validated for these specific 
loading conditions.  The surrogate measures impact load internally, and the internal 
measurements were correlated to external measurements made in the PMHS models. 
5) A survey of existing lacrosse equipment was tested using the SSTS to determine the current 
efficacy of equipment in preventing CC. 
8.3 Future Work 
The surrogate is biofidelic at the low speeds (Biofidelity Rank < 1).  However, the biofidelity 
could be improved at the high-speed impact conditions (50 and 60mph).  Even if the biofidelity is 
acceptable, there are other qualities a surrogate needs to have for it to be an effective surrogate for 
certification testing.  The surrogate needs to be repeatable.  A small group of this equipment should be 
tested on different dates to determine if the surrogate provides a repeatable result.  The next issue is 
reproducibility.  This test would evaluate the ability to compare results from SSTS’s at different facilities.  
This provides the ability to see how consistent results the surrogate provides when multiple versions of 
the surrogate are created and implemented.  Finally, the surrogate needs to be tested for durability.  
The surrogate should be able to endure repetitive testing without damaging or degrading. 
Another study that could provide beneficial information would be using the SSTS to test 
equipment previously tested by Link et al. (2004).  The SSTS has proven to be biofidelic, but it is unclear 
why the equipment in this study has proven effective compared with the 2004 study.  Testing the 2004 
equipment could show that manufacturers have improved the effectiveness of their products between 
2004 and 2010.    
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APPENDIX A 
SUMMARY OF LACROSSE EQUIPMENT PHYSICAL MEASUREMENTS 
    Height (cm) Width(cm) Thickness (cm) 
Entry  
Surface 
Area 
(cm^2) 
Reinforced 
Surface 
Area (Hard 
Plastic) 
(cm^2) 
Reinforced 
Surface  
Area 
(Rubber) 
(cm^2) 
Min Max Min Max Min Max 
2 342.051     na 18.42 25.08 33.02 0.030 1.626 
3 603.154 95.258   na 24.45 20.32 36.83 0.861 1.816 
5 674.601 52.564   na 26.67 22.86 35.56 0.927 2.012 
6 533.841     6.35 23.18 36.83 17.46 0.737 2.129 
7 596.778     8.57 22.86 20.96 38.10 1.095 2.494 
8 640.527     19.05 23.50 30.48 32.39 0.963 1.961 
9 554.731     6.67 23.50 18.42 37.47 0.775 2.399 
10 501.596     6.99 23.18 18.42 35.56 1.265 1.689 
11 610.362     6.35 23.50 23.18 37.47 0.681 2.195 
14 595.072 20.811 88.611 6.99 24.13 18.73 37.47 0.899 3.015 
15 563.682 54.019   6.35 25.08 17.15 38.42 1.311 2.807 
16 469.794     13.65 16.19 na 29.85 1.328 2.469 
18 568.558     6.35 24.13 19.69 34.61 1.148 1.760 
21 687.129     9.21 27.94 22.86 37.47 1.278 2.271 
22 600.992     8.89 27.31 25.08 36.20 1.006 2.334 
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    Height (cm) Width(cm) Thickness (cm) 
Entry 
# 
Surface 
Area 
(cm^2) 
Reinforced 
Surface 
Area (Hard 
Plastic) 
(cm^2) 
Reinforced 
Surface  
Area 
(Rubber) 
(cm^2) 
Min Max Min Max Min Max 
23 580.785   158.914 7.30 24.13 22.23 38.74 1.397 3.023 
24 639.308   158.844 8.26 26.99 22.23 35.56 1.115 2.447 
25 693.918     8.26 27.62 24.13 37.15 0.135 1.996 
26 497.668     8.26 23.50 20.32 34.93 1.303 1.966 
27 356.838     12.38 15.88 24.77 27.31 1.080 2.474 
47 637.197 22.950   12.70 24.13 20.96 36.20 1.375 3.200 
48 589.904 38.636   10.16 24.45 20.64 39.05 0.667 2.443 
49 557.564     na 18.73 28.58 31.12 0.807 2.262 
51 542.196     6.99 23.50 19.05 33.97 0.598 2.358 
52 556.912 66.901 76.937 9.84 22.86 15.24 38.10 0.552 2.731 
53 674.918     8.89 26.67 20.64 35.88 0.987 1.959 
59 610.282 76.785   na 20.15 24.50 37.51 0.084 4.646 
60 682.393     na 26.50 23.50 36.60 0.824 3.106 
61 428.143     na 22.70 18.20 26.25 0.817 1.837 
62 651.167 16.042   na 26.55 18.30 32.85 0.340 1.803 
63 674.502 86.157   na 25.55 24.90 33.40 0.648 2.703 
64 497.133 18.140   na 19.00 28.65 37.25 0.495 1.683 
66 506.898 139.164   na 23.00 20.70 29.50 0.093 1.396 
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    Height (cm) Width(cm) Thickness (cm) 
Entry 
# 
Surface 
Area 
(cm^2) 
Reinforced 
Surface 
Area (Hard 
Plastic) 
(cm^2) 
Reinforced 
Surface  
Area 
(Rubber) 
(cm^2) 
Min Max Min Max Min Max 
67 517.591 68.951   22.40 26.30 25.20 34.00 0.736 1.636 
68 652.022 80.967   na 26.70 24.80 32.55 0.832 3.644 
69 716.637 35.471 29.747 7.50 27.45 17.00 35.85 0.638 2.009 
70 349.799 84.022   6.00 18.50 15.500 28.400 0.855 2.520 
71 322.104     na 15.20 23.700 32.750 0.626 0.626 
73 514.600 90.220   na 20.50 18.00 31.55 0.617 2.583 
74 281.420 90.220   na 17.10 13.10 23.00 0.617 1.966 
75 866.193 258.208   na 28.00   38.00 0.154 2.618 
76 548.504 254.960   na 21.90   30.80     
77 493.095 245.747   na 20.00 21.65 35.45 0.501 1.788 
78 527.172 129.214   na 18.85 19.20 35.25 0.389 2.148 
80 885.379 242.254   na 32.00 19.30 30.55 0.752 2.719 
81 490.721 206.370   na 27.00 14.55 25.05 0.748 2.376 
82 621.606 20.244   na 20.20 24.50 36.40 0.597 3.276 
83 482.947 127.669   na 18.20 19.40 31.40 0.856 3.202 
84 458.791 18.757   na 16.05 31.80 39.80 0.342 2.640 
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    Height (cm) Width(cm) Thickness (cm) 
Entry 
# 
Surface 
Area 
(cm^2) 
Reinforced 
Surface 
Area (Hard 
Plastic) 
(cm^2) 
Reinforced 
Surface  
Area 
(Rubber) 
(cm^2) 
Min Max Min Max Min Max 
85 796.374     na 20.00 24.70 38.95 0.735 2.207 
86 902.737 235.583   na 33.65 20.35 31.05 0.796 2.701 
87 851.053 232.014   na 32.05 20.65 30.80 0.796 2.860 
88 822.435 232.014 96.172 na 29.90 21.90 31.75 0.888 2.544 
89 492.043 159.678   na 22.90 23.75 35.35 0.729 3.056 
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APPENDIX B 
Lacrosse Equipment Results for 30mph Best Condition 
Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 5 211.68 244.32 448.33 
 
61 215.90 325.18 533.47 
6 232.05 269.42 490.87 
 
62 261.27 181.29 432.41 
7 99.72 351.99 434.09 
 
63 166.21 387.39 545.61 
8 210.20 247.57 439.23 
 
64 214.38 263.72 467.29 
9 281.79 141.27 414.27 
 
66 192.77 275.02 455.79 
10 221.54 293.62 500.11 
 
67 208.23 356.34 546.48 
11 160.55 304.38 456.22 
 
68 158.36 403.09 535.39 
14 287.81 242.09 527.71 
 
69 261.52 248.43 502.36 
15 294.25 189.75 469.18 
 
71 244.35 284.69 526.88 
16 176.49 274.35 440.48 
 
73 165.89 327.22 491.01 
18 203.63 274.81 459.78 
 
77 168.25 247.68 407.66 
19 158.10 322.88 464.00 
 
78 223.30 264.76 486.68 
21 67.71 352.38 399.41 
 
80 215.83 254.50 466.00 
22 19.59 443.74 449.70 
 
81 263.35 231.19 492.15 
23 135.00 262.95 380.51 
 
82 221.65 252.10 461.61 
26 186.48 261.07 431.14 
 
83 183.57 363.07 545.04 
27 192.10 313.42 495.81 
 
84 246.69 334.43 578.80 
46 149.98 297.63 440.40 
 
85 196.62 226.06 398.37 
47 229.63 150.17 365.00 
 
86 218.19 237.99 449.31 
48 201.94 259.48 450.40 
 
87 210.36 208.21 414.29 
49 315.14 162.44 469.48 
 
88 201.34 269.17 460.37 
51 276.80 171.95 430.34 
 
89 335.00 188.27 487.10 
52 179.74 261.43 422.26 
 
91 129.58 308.37 436.92 
53 219.92 261.88 460.19 
 
93 152.20 208.65 358.19 
59 223.00 289.20 511.65 
 
Total 206.66 269.94 465.67 
60 317.56 223.00 533.77 
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APPENDIX C 
Lacrosse Equipment Results for 50mph Best Condition 
Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 5 927.46 277.94 1152.99 
 
61 789.08 512.30 1274.87 
6 290.85 1171.01 1420.24 
 
62 566.41 960.51 1516.70 
7 394.72 817.64 1137.62 
 
63 333.73 1467.15 1759.47 
8 158.26 914.63 928.68 
 
64 618.49 743.31 1318.40 
9 198.21 1111.18 1157.07 
 
66 475.80 1038.63 1464.66 
10 179.28 965.96 1103.15 
 
67 717.99 512.88 1211.06 
11 455.13 663.17 1007.26 
 
68 328.38 1550.67 1798.82 
14 244.77 799.41 984.51 
 
69 585.91 780.80 1356.29 
15 108.97 972.98 1013.44 
 
71 865.29 663.81 1492.24 
16 592.48 607.38 1066.45 
 
73 384.41 847.55 1193.75 
18 392.49 914.84 1169.67 
 
77 161.18 1121.11 1221.81 
19 140.03 1264.04 1290.01 
 
78 804.07 572.64 1342.05 
21 180.85 1171.28 1256.80 
 
80 615.74 646.26 1252.82 
22 336.76 997.39 1313.14 
 
81 809.74 497.93 1294.72 
23 365.62 873.00 1141.32 
 
82 275.52 834.90 1043.89 
26 272.40 963.44 1142.21 
 
83 531.94 695.38 1166.81 
27 937.01 333.12 1227.85 
 
84 429.79 1607.45 1871.23 
46 147.24 1059.58 1105.99 
 
85 845.64 355.24 1187.56 
47 308.50 745.63 944.24 
 
86 458.45 754.51 1194.43 
48 474.57 686.88 1050.29 
 
87 575.00 614.36 1169.01 
49 202.84 995.77 1131.97 
 
88 731.73 499.84 1221.19 
51 341.28 982.42 1294.34 
 
89 126.17 941.04 1030.88 
52 514.71 725.39 1233.80 
 
91 486.42 660.99 1142.62 
53 389.43 768.94 1009.65 
 
93 326.16 608.98 930.72 
59 494.18 695.61 1148.13 
 
Total 451.64 822.74 1209.75 
60 316.54 749.95 960.29 
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APPENDIX D 
Lacrosse Equipment Results for 30mph Worst Condition 
Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 1 172.47 359.43 508.79 
 
52 341.16 161.30 495.90 
4 204.78 149.38 315.77 
 
53 115.07 187.12 248.18 
5 268.80 270.93 473.12 
 
58 68.29 113.23 133.73 
6 440.11 115.96 541.38 
 
59 298.46 163.96 444.94 
7 304.70 144.36 411.41 
 
60 363.52 196.60 509.90 
8 436.37 147.75 504.02 
 
61 127.04 322.23 391.61 
9 143.45 374.97 432.84 
 
62 176.40 273.89 392.96 
10 282.56 144.70 380.40 
 
63 49.24 75.28 93.16 
11 321.40 156.43 474.12 
 
64 50.17 87.43 103.01 
12 166.88 310.97 441.10 
 
65 161.66 367.51 487.05 
13 202.68 399.09 596.57 
 
66 236.46 400.98 596.57 
14 182.42 110.28 255.99 
 
67 79.38 256.98 262.34 
15 177.13 331.99 475.50 
 
68 283.52 210.85 465.97 
16 350.90 197.72 542.67 
 
69 357.40 154.47 474.01 
17 227.09 211.84 423.93 
 
71 429.04 108.02 453.99 
18 49.21 93.74 112.02 
 
72 338.33 129.83 466.21 
19 368.98 87.55 422.44 
 
73 303.04 200.16 489.13 
21 322.03 158.62 452.73 
 
75 135.80 470.12 587.94 
22 457.83 61.56 450.93 
 
76 246.78 324.60 542.33 
23 384.94 60.21 406.53 
 
77 107.26 268.03 321.32 
24 363.24 100.82 414.55 
 
78 189.72 242.97 346.29 
25 122.79 429.57 469.42 
 
79 295.70 233.04 512.95 
26 325.14 210.46 514.07 
 
80 108.74 376.70 473.62 
27 230.95 384.60 551.11 
 
81 190.58 205.42 347.27 
46 77.89 176.65 220.19 
 
82 30.88 50.55 71.18 
47 97.04 169.52 229.04 
 
83 249.81 217.10 451.42 
48 191.05 314.25 430.33 
 
84 108.24 164.30 248.24 
49 102.55 341.09 360.45 
 
85 63.21 108.32 134.28 
50 263.66 264.24 525.83 
 
86 148.43 336.24 468.32 
51 65.10 171.29 195.77 
 
87 141.42 354.67 481.57 
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Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
88 234.57 130.82 287.69 
89 251.64 397.14 587.72 
90 194.75 182.52 367.80 
91 339.51 156.43 459.84 
92 148.05 165.18 311.46 
93 228.80 211.42 420.56 
Total 218.25 220.89 401.09 
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APPENDIX E 
Lacrosse Equipment Results for 50mph Worst Condition 
Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
 1 724.55 176.61 859.48 
 
51 1384.39 130.55 1267.60 
3 1251.51 171.94 1335.56 
 
52 887.84 235.39 1024.07 
4 627.75 504.03 997.95 
 
53 720.57 465.34 1099.75 
5 1015.87 180.05 1099.01 
 
58 175.65 772.96 858.39 
6 855.13 332.66 1150.26 
 
59 715.08 412.34 1077.05 
7 529.83 746.80 1247.18 
 
60 1000.42 245.69 1150.72 
8 845.74 490.72 1097.73 
 
61 1246.06 149.66 1280.89 
9 1150.82 201.36 1261.77 
 
62 1309.60 136.45 1282.78 
10 1131.79 139.01 1120.74 
 
63 1134.38 140.63 1179.68 
11 1079.50 390.51 1351.97 
 
64 1581.34 136.55 1497.99 
12 664.17 515.24 1041.32 
 
65 1143.15 127.10 1119.49 
13 1062.18 271.60 1050.87 
 
66 87.59 835.75 821.47 
14 1148.61 119.28 1148.54 
 
67 413.17 749.64 979.22 
15 1179.96 178.53 1330.34 
 
68 931.93 421.54 1199.72 
16 1173.03 160.18 1200.14 
 
69 1342.76 125.62 1305.77 
17 801.98 320.42 992.93 
 
71 1343.73 144.72 1314.67 
18 1092.17 192.91 1195.13 
 
72 1053.66 130.47 1066.65 
19 903.13 394.79 1108.03 
 
73 330.69 814.44 1111.65 
21 661.57 415.66 1039.70 
 
75 995.97 271.67 1188.28 
22 1325.56 112.61 1258.60 
 
76 1383.21 303.28 1465.36 
23 440.09 808.66 1199.84 
 
77 1393.40 128.04 1294.50 
24 914.21 186.08 998.08 
 
78 1468.36 141.74 1366.42 
25 1085.28 178.74 1177.54 
 
79 589.64 511.79 1015.91 
26 842.71 346.28 1066.57 
 
80 565.86 390.15 887.03 
27 383.90 800.23 1070.03 
 
81 1085.23 183.54 1201.64 
46 790.14 422.54 1006.67 
 
82 1252.40 188.33 1291.54 
47 930.95 395.03 1252.58 
 
83 544.74 656.19 1084.97 
48 1334.61 128.00 1247.10 
 
84 1067.24 335.25 1348.26 
49 1210.44 168.19 1203.10 
 
85 1217.13 165.38 1223.37 
50 808.15 384.81 1092.27 
 
86 59.27 859.29 874.32 
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Pad 
Cardiac 
Mean 
(N) 
Distributed 
Mean (N) 
Total 
Mean 
(N) 
87 79.79 807.18 830.35 
88 814.34 353.67 985.24 
89 299.33 799.47 1061.78 
90 944.78 175.02 979.95 
91 1033.88 175.29 1080.96 
92 436.55 551.64 979.47 
93 413.61 701.42 1052.59 
Total 901.81 352.79 1135.47 
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APPENDIX F 
Impact Load Correlation between Projectile and Surrogate 
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ABSTRACT 
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Commotio Cordis (CC) has proven to be life threatening for young athletes as it is the second 
leading cause of mortality in youth sports.  In the past 15 years, researchers have been working to 
understand the pathophysiology of this event.  It has been proven that impacts directly over the cardiac 
silhouette during a vulnerable period of the cardiac cycle can cause CC.  In order to reduce the 
occurrence of CC in sports, chest protectors need to be tested for efficacy.  Currently there is no 
biofidelic surrogate to serve this purpose.  In order to test equipment to a given standard of protection, 
a biomechanical surrogate is needed that models the human response to impacts observed in sports.  
The goal of this dissertation was to develop and validate a biomechanical surrogate that can predict the 
risk of CC. 
  The first step in developing a biomechanical surrogate is the identification of an effective injury 
criterion that can predict the injury outcome.  Porcine specimens were impacted directly over the heart 
during the vulnerable portion of their cardiac cycle.  Impacts were conducted with a lacrosse ball at four 
speeds that have been proven effective to induce CC in a porcine model (30, 40, 50, and 60mph).  Ten 
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injury criteria were evaluated, and impact force proved to be the most effective injury criterion (Somer’s 
D = 0.52).  
Human response corridors were developed for the same impact conditions using Post Mortem 
Human Specimens (PMHS).   These data were used to evaluate existing thoracic biomechanical 
surrogates.  Three surrogates were tested in the same impact conditions and none were found to be 
biofidelic (Biofidelity Rank > 2).  A new Sports Specific Thoracic Surrogate (SSTS) was developed and 
validated using the human response corridors (Biofidelity Rank = 1.2).  The SSTS was used to evaluate 70 
lacrosse chest protectors from ten (10) manufacturers.  These data provided a broad survey of the 
current level of CC protection commercially available.  A statistical analysis was conducted on ten (10) 
pieces of equipment from seven of the manufacturers.  All of the equipment proved to be effective in 
limiting impact force and reducing the risk of CC.  Equipment efficacy could be improved by utilizing this 
surrogate as a development tool to evaluate new chest protector designs.  It could also be used in 
certification testing by an organization such as National Operating Committee on Standards for Athletic 
Equipment (NOCSAE).  The development of a NOCSAE certification standard would encourage 
manufacturers to improve the CC protection offered.  
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